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ABSTRACT 
Every fall, Northeastern America monarch butterflies (Danaus plexippus) 
undergo an extraordinary migration to their overwintering site in Central Mexico. 
During their long migration, monarch migrants use sun compass to navigate. To 
maintain a southward flying direction, monarch migrants compensate for the 
continuously changing position of the sun by providing timing information to the 
compass using their circadian clock. 
Animal circadian clocks depend primarily on a negative transcriptional 
feedback loop to track time. I started my work to re-construct the monarch 
butterfly circadian clock negative feedback loop in cell culture, focusing on 
homologs of Drosophila clock genes. It turned out that in addition to a 
Drosophila-like cryptochrome (cry1) gene, a second mammalian-like cry2 gene 
exists in monarch butterflies and many other insects, except in Drosophila. The 
two CRYs showed distinct functions in our initial assays in cultured Drosophila 
Schneider 2 (S2) cells. CRY2 functions as a potent transcriptional repressor, 
while CRY1 is light sensitive but shows no obvious transcriptional activity. The 
existence of two cry genes in insects changed the Drosophila-centric view of 
insect circadian clock. 
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During the course of my study, our lab obtained a monarch cell line called 
DpN1 cells. These cells possess a light-driven clock and contributed 
tremendously to the research on monarch circadian clock. Using this cell line, I 
provided strong evidence supporting monarch CRY2’s role as a major circadian 
clock repressor and identified a protein-protein protective interaction cascade 
underlying the CRY1-mediated resetting of the molecular oscillator in DpN1 cells.  
I continued my work trying to understand how insect CRY2 inhibits 
transcription. I provided evidence suggesting the involvement of monarch PER in 
promoting CRY2 nuclear entry in both S2 cells and DpN1 cells. Finally, I mapped 
CRY2’s transcriptional inhibitory activity onto its N-terminal domain. 
Collectively, my research helped to change our view of insect clocks from a 
Drosophila-centric standpoint to a much more diverse picture. My studies also 
advanced the understanding of monarch circadian clock mechanism, and 
provides a foundation for further studies. 
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CHAPTER I: INTRODUCTION 
By the large orange colored wings with black veins and edges, the monarch 
butterfly (Danaus plexippus) can be easily recognized. The distinct wing pattern 
appears to be attractive to human but is a warning sign to its predators by 
signaling a distasteful and poisonous object. The most notable feature of 
monarch is, however, the extraordinary annual migration among its North 
America population. Every fall, monarch butterflies fly to their overwintering sites 
in central Mexico from Northern US and Southern Canada. Although how the 
migrants navigate during this long journey is still largely unknown, recent studies 
suggest that they possess a time-compensated sun compass which keeps their 
flying course south/southwest in the fall migration.  
As part of the effort to understand the migration of North American monarch 
butterfly, and also to advance our understanding of insect clock, I focused my 
study on the core circadian clock mechanism of monarch butterfly. But before I 
get into the monarch clock, I will briefly review the circadian clock in the two most 
studied animals, Drosophila melanogaster (fruit fly) and Mus musculus (mouse), 
focusing on the molecular mechanisms of the central clocks. In the final part of 
the introduction, I will summarize what we knew about the time compensated sun 
compass in monarch butterfly and the insect clocks outside of Drosophila. 
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A. Circadian clock - General conceptions 
To cope with the daily environmental changes generated by the Earth’s 
rotation, such as light and dark cycles, temperature fluctuations and changes in 
food availability, most organisms possess an intrinsic timing system to adapt their 
activities accordingly. The circadian (from Latin circa, around, and diem or dies, 
day, meaning “around a day”) system can be theoretically divided into three 
integrated parts (Figure 1-1). In the center is the circadian clock or pacemaker 
which drives the intrinsic rhythm with a period near 24 hours, even in the 
(temporary) absence of environmental cues. Upstream of the pacemaker is an 
input system which can receive multiple external cues, or Zeitgeber (German for 
time-givers), to entrain or reset the pacemaker. Downstream of the pacemaker 
are the output pathways directly governing the physiological and behavioral 
rhythms.  
A circadian clock must possess three basic properties: 1. a stable, near 24-h 
period; 2. Temperature compensation; 3. Ability to be reset. An intrinsic or free-
running period of approximately 24 hours (22-25 hour in most organisms) of the 
circadian clock is required for measuring time and anticipating environmental 
changes. The rates of biochemical reactions are closely related to the 
temperature. To maintain a constant period, the circadian clock is required to 
possess a temperature compensation mechanism. A free-running clock, however, 
will eventually run out of phase without fine tuning and resetting. To avoid this, 
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the clock must be able to incorporate various external feeds into the intrinsic self-
sustained cycle to synchronize day to day. 
B. The circadian clock of Drosophila melanogaster 
In this section, molecular mechanisms of the Drosophila circadian clock will 
be discussed. Major components of the pacemaker will be reviewed in detail. The 
circadian light input pathway will be discussed briefly. The output pathways will 
also be mentioned.  
In the Drosophila brain, clock neurons were first identified by 
immunostaining of two essential clock genes, period (per) and timeless (tim) 
(Ewer et al., 1992; Frisch et al., 1994; Kaneko and Hall, 2000). The neurons 
which show rhythmic per expression are divided into two major groups according 
to their anatomical locations: lateral neurons (LNs) and dorsal neurons (DNs). 
Three cells in the lateral posterior brain (LPNs) are also immunoreactive for TIM 
and PER (Kaneko and Hall, 2000; Shafer et al., 2006). The LNs are further 
divided into three subgroups: 5-8 dorsolateral neurons (LNds), 4-6 large 
ventrolateral (l-LNvs) neurons and 5 small ventrolateral neurons (s-LNvs). The 
LNvs are the major pacemaker neurons of Drosophila. They are necessary and 
sufficient to maintain locomotor activity rhythms in flies (Helfrich-Forster, 1998; 
Renn et al., 1999). Except one s-LNv, all LNvs express pigment-dispersing factor 
(PDF), a neuropeptide critical for locomotor activity rhythms (Helfrich-Forster, 
1995; Renn et al., 1999). The PDF+ s-LNvs also maintains robust molecular 
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rhythms in constant dark condition (Shafer et al., 2002), and determines the 
period of locomotor activity rhythms (Stoleru et al., 2005). Recent studies also 
strongly suggested the involvement of other clock neuron in controlling the 
Drosophila circadian clock (see discussion below). 
1. The negative transcriptional feedback loop 
Animal circadian clocks are driven primarily by a negative transcriptional 
feedback loop in which transcriptional repressors inhibit their own gene 
transcriptions by binding to transcription activators. In Drosophila (Figure 1-2), 
CLOCK (CLK) and CYCLE (CYC), a pair of bHLH-PAS transcription factors, 
drive gene expressions from E-box enhancer element (CACGTG). per and tim 
are among the genes activated by CLK:CYC, and their protein products then 
feedback and inhibit their own transcription by binding to CLK:CYC, thus 
completing the feedback loop. A series of post-translational modifications 
(phosphorylation, ubiquitination, etc.) are necessary for a self-sustained ~24-h 
period. A second transcriptional feedback loop involving the transcription 
activator (PDP1) and repressor (VRILLE) regulating clk gene expression, 
interlocks with the main loop and adds more complexity, stability and additional 
levels of regulation to the circadian clock. A third transcriptional feedback loop 
has also been identified recently involving clockwork orange (cwo, see below). 
Accumulating evidence implies a stronger involvement of post-translational 
regulations in circadian clock than originally thought (see discussion below). 
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Nevertheless, the current model based on the interlocking transcriptional 
feedback loops is still the prevailing model for animal clocks.  
i.  CLOCK and CYCLE 
Two bHLH-PAS transcriptional factors, CLOCK (CLK) and CYCLE (CYC), 
form heterodimers and activate gene expression from E-box (CACGTG) 
enhancer elements through a glutamine-rich region of CLK (Allada et al., 1998; 
Bae et al., 1998; Darlington et al., 1998; Rutila et al., 1998). Flies carrying mutant 
alleles of Clk (ClkJrk) and cyc (cyc0) are arrhythmic (Allada et al., 1998; Rutila et 
al., 1998). CLK protein is in limiting amount and is the primary target of 
transcriptional repressors (Bae et al., 2000). Both Clk RNA and protein are 
rhythmically expressed in Drosophila head (Bae et al., 1998; Darlington et al., 
1998; Lee et al., 1998). Using a more stringent lysis buffer, other researchers 
found that it is the ratio of hyper/hypo-phosphorylated proteins that oscillates, but 
not the total protein level of CLK protein (Yu et al., 2006). CLK protein level does 
not cycle within the clock neurons as shown by immunostaining (Houl et al., 
2006). Overexpresssion of Clk out of phase with either per or tim promoter in 
wild-type flies has little effect on the Drosophila clock (Kim et al., 2002). 
Phosphorylation of CLK protein also undergoes circadian changes (Lee et al., 
1998, 1999), and the hyper-phosphorylated CLK is unstable and less active (Yu 
et al., 2006).  
Clk  misexpression in clockless brain regions can induce ectopic clocks and 
alter locomotor rhythms, suggesting that Clk is a master switch of the Drosophila 
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circadian clock (Zhao et al., 2003). On the other hand, cyc does not cycle at 
either RNA or protein level (Bae et al., 2000; Wang et al., 2001), nor does CYC 
protein contain any identifiable trans-activation domain since the protein ends 
right after the PAS domain (Darlington et al., 1998; Rutila et al., 1998). 
ii. PERIOD 
In 1971, Konopka and Benzer reported the isolation of three Drosophila 
clock mutants (pers with short period, perl with long period, per0 with arrhythmicity) 
by screening chemically mutagenized flies with abnormal eclosion and locomotor 
activity rhythms (Konopka and Benzer, 1971). All three alleles were mapped to 
the same locus on the X chromosome. The gene was later cloned by P-element 
mediated transformation (Bargiello et al., 1984; Zehring et al., 1984) and 
positional cloning (Bargiello and Young, 1984; Reddy et al., 1984).  
Both per mRNA and protein oscillate under LD or DD conditions in vivo 
(Hardin et al., 1990; Siwicki et al., 1988; Zerr et al., 1990). PER protein was 
implicated in negatively regulating its own transcription in a cell autonomous 
manner (Hardin et al., 1990, 1992; Zeng et al., 1994). Initial sequence analysis 
linked per to proteoglycans, which was confusing (Jackson et al., 1986). It was 
later found that per shares a conserved domain (PAS domain) with two bHLH 
transcription factors (aryl hydrocarbon receptor nuclear translocator or ARNT, 
and single-minded or Sim) (Crews et al., 1988; Hoffman et al., 1991; Nambu et 
al., 1991). More importantly, the PAS domain can mediate protein-protein 
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interaction (Huang et al., 1993), and the PAS-mediated protein-protein interaction 
provided the first clue of how PER regulated its own expression.  
An E-box enhancer element was identified in the per promoter region and 
was found to be necessary for the high amplitude circadian oscillation of Per 
RNA (Hao et al., 1997). The E-box enhancer element was a known target of 
bHLH transcription factors (Murre et al., 1989).  
The cloning and characterization of the two bHLH transcription factors CLK 
and CYC finally completed the transcriptional feedback loop (see above). CLK 
and CYC form heterodimers and bind to the E-box enhancer in the per promoter 
and initiate transcription (Darlington et al., 1998). PER protein then feeds back 
and directly binds to the CLK:CYC complex and down-regulates the transcription 
(Darlington et al., 1998; Lee et al., 1999).  
iii. TIMELESS 
A null mutant of the timeless (Tim) gene, isolated by screening P-element 
insertion mutant flies for abnormal eclosion rhythm, abolished circadian 
behavioral rhythms, per RNA oscillation and nuclear localization of PER protein 
in Drosophila (Sehgal et al., 1994; Vosshall et al., 1994). The gene was later 
cloned by positional cloning (Myers et al., 1995) as well as by looking for genes 
binding to the PAS domain of PER in a yeast two-hybrid assay (Gekakis et al., 
1995). Both tim mRNA and protein levels show circadian fluctuations in phase 
with those of per (Hunter-Ensor et al., 1996; Myers et al., 1996; Sehgal et al., 
1995; Zeng et al., 1996). E-boxes in the tim promoter region are necessary for 
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high-amplitude RNA cycling in vivo, indicating a direct CLK:CYC regulation 
(McDonald et al., 2001; Wang et al., 2001).  
TIM protein directly binds to the PAS domain of PER (Gekakis et al., 1995; 
Saez and Young, 1996), and protects PER from degradation. It was suggested 
that the delayed accumulation of PER protein compared to per mRNA was due to 
the instability of PER protein in the absence of enough TIM (Price et al., 1995; 
Sehgal et al., 1995). TIM-PER interaction is also involved in nuclear translocation 
of both proteins (Saez and Young, 1996; Vosshall et al., 1994). However,  PER 
and TIM enter the nucleus sequentially in Drosophila clock neurons (Shafer et al., 
2002). The mechanism of TIM-PER nuclear translocation is not clear. In S2 cells, 
PER and TIM quickly bind to each other and stay in the cytoplasm for about 6 
hours before the two proteins disassociate and enter the nucleus separately 
(Meyer et al., 2006). TIM is not required for PER to stay in the nucleus 
(Rothenfluh et al., 2000b), nor is it required for transcriptional inhibition (Chang 
and Reppert, 2003; Cyran et al., 2005; Nawathean and Rosbash, 2004; 
Rothenfluh et al., 2000b; Weber and Kay, 2003).  
A noticeable feature of TIM protein is its rapid reduction upon exposure to 
light, indicating a possible involvement of TIM in the circadian light input pathway 
(Hunter-Ensor et al., 1996; Lee et al., 1996; Myers et al., 1996; Zeng et al., 1996). 
Detailed studies revealed that the TIM light response correlates well with the 
entrainment of the behavioral rhythms (Suri et al., 1998; Yang et al., 1998). The 
role of TIM in the circadian light input pathway will be discussed below.  
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iv. Post-translational regulation: phosphorylation 
A key requirement to generate a near 24h period is to separate the 
transcriptional activation and inhibition by a significant delay. Post-translational 
modifications, especially phosphorylation, contribute to the delay by regulating 
important events like protein-protein interaction, protein degradation, and protein 
nuclear entry.  
a. DOUBLETIME. 
The rhythmic phosphorylation of PER (Edery et al., 1994), TIM (Zeng et al., 
1996) and CLK (Lee et al., 1998) strongly suggested the involvement of kinases 
in circadian clock. The first “clock kinase” in Drosophila clock was isolated by a 
mutagenesis screen for semidominant clock mutant (Price et al., 1998). Two 
alleles that either shorten (dbts) or lengthen (dbtl) the periods were isolated. A P-
element insertion allele (dbtp) was also isolated and it helped to clone the gene, 
which encodes for a mammalian casein kinase 1 (mCK1) homolog (Kloss et al., 
1998).  
DBT co-localized with PER and TIM in brain clock neurons, consistent with 
its involvement in pacemaker functions (Kloss et al., 1998). dbt RNA and protein 
are both at constant levels in vivo, and binds to PER throughout the circadian 
cycle (Bargiello and Young, 1984; Kloss et al., 1998; Kloss et al., 2001). Then 
how does the rhythmic phosphorylation of PER occur? It is not understood yet, 
but clearly involves other kinases and phosphataes (see discussion below). DBT 
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cellular localization undergoes robust oscillation in Drosophila clock neurons, in 
phase with the oscillations of PER and TIM localization (Kloss et al., 2001). 
dbt is an essential gene for development, and the null mutants dbtp do not 
reach adulthood (Zilian et al., 1999). Fortunately, dbtp flies can survive until third 
instar larvae. Analysis of dbtp larvae brain revealed that PER is constitutively 
abundant. Western blot revealed that PER is hypophosphorylated in dbtp larvae, 
consistent with the model that hyperphosphorylation destabilizes PER (Price et 
al., 1998). Cell culture and in vitro experiments also support the model. In S2 
cells, DBT expression causes PER phosphorylation and degradation (Ko et al., 
2002). PER is a direct target of DBT as suggested by in vitro assay using purified 
recombinant DBT protein from baculoviral transfected Sf9 cells (Kivimae et al., 
2008). DBT-mediated PER phosphorylation and degradation can be inhibited by 
TIM in S2 cells (Ko et al., 2002). In Drosophila, TIM degradation leads to PER 
phosphorylation, which does not occur without DBT (Kloss et al., 2001). 
DBT was also proposed to regulate nuclear localization of PER (Bao et al., 
2001; Cyran et al., 2005; Nawathean et al., 2007). How PER nuclear localization 
is regulated by DBT seems to be complicated. For example, two hypomorphic 
DBT mutations showed opposite effects on PER cellular localization (delayed 
PER nuclear entry in dbts, while dbtar increase the nuclear presence of PER) 
(Bao et al., 2001; Cyran et al., 2005).  
DBT-mediated phosphorylation of PER is also implicated in up-regulation of 
the inhibitory activity of PER (Nawathean and Rosbash, 2004). DBT has been 
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shown to phosphorylate CLK in a PER dependent manner and subsequently 
reduce the DNA binding affinity of CLK (Kim and Edery, 2006; Yu et al., 2006). A 
recent study, however, suggested that the catalytic activity of DBT is not required 
for CLK phosphorylation, and DBT may serve as a bridge to recruit other 
unknown kinases to phosphorylate CLK (Yu et al., 2009). 
In the hypomorphic mutant dbtar, PER is always hypophosphorylated and at 
high levels, similar to the null mutant dbtp (Rothenfluh et al., 2000a). Interestingly, 
the pers allele was able to rescue the arrhythmic dbtar flies, suggesting that the 
pers mutation site (aa 589) is a target of DBT (Rothenfluh et al., 2000a). In the 
small region around pers site (aa 585-601) is named per short domain (per-S) 
because mutations in this domain mainly cause short period phenotypes (Baylies 
et al., 1992; Hamblen et al., 1998; Rutila et al., 1992). The per-S and the 
downstream per-SD (Per short downstream) domain (aa 604-629) are possible 
phosphorylation sites of DBT. DBT-dependent phosphorylation in the per-SD 
domain, which can be inhibited by phosphorylation at the pers site (aa 589), 
increases activity of PER as a repressor, but also destabilizes PER protein 
(Kivimae et al., 2008). PER without a 54-aa region upstream of the per-S domain 
(aa 515-568) is constantly hypo-phosphorylated and is more stable compared to 
wild-type (Schotland et al., 2000). A region between aa 755 and 809 of PER was 
also suggested to be a possible binding site for DBT (Kim et al., 2007). Deletion 
of this domain leads to hypo-phosphorylation, increased stability and lower 
repressive activity of PER. Deletion of a smaller domain in the same region (aa 
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768-792) caused impaired nuclear accumulation of PER (Nawathean et al., 
2007). These domains were inside a previously identified CLK-CYC inhibition 
domain (aa764-1034) which contains a nuclear localization sequence (NLS) and 
is necessary for the inhibition of CLK:CYC dependent transcription in S2 cells 
(Chang and Reppert, 2003). Another study identified PER Ser47 as a 
phosphorylation site by DBT (Chiu et al., 2008). Mutation of this site to a non-
phosphorylatable Alanine (S47A) stabilizes PER, and significantly lengthens the 
period of mutant flies to 31 hours, while a Serine to aspartic acid mutation at the 
same site (S47D) destabilizes PER and shortens the period of mutant flies to 22 
hours. Rhythmic phosphorylation at Ser47 in vivo is associated with PER’s 
rhythmic binding to an F-box protein, SLIMB (see below), which mediates 
proteasomal PER degradation. 
Collectively, evidence above indicates that DBT regulates different aspects 
of PER functions (stability, cellular localization, repressive activity, etc.) by 
targeting different PER phosphorylation sites. It also helps to explain how 
different dbt mutations with decreased in vitro activity could lead to totally 
different phenotypes in flies. 
b. CASEIN KINASE 2 
Timekeeper (Tik) and Andante (And) are among the many clock mutants 
isolated by forward genetics, and both of them moderately increase free-running 
period (Konopka et al., 1991; Lin et al., 2002). The protein products of the two 
genes are the α and β subunits of casein kinase 2, respectively (Akten et al., 
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2003; Lin et al., 2002). The holoenzyme of CK2 consists of two catalytic α 
subunits and two regulatory β subunits. The CK2α subunit can phosphorylate 
PER and TIM in vitro (Lin et al., 2002; Lin et al., 2005). Both CK2α and CK2β are 
strongly expressed in the LNvs of Drosophila brain. CK2αTik allele lost most of its 
catalytic function and functions as a dominant negative mutant due to the M161K 
missense mutation at the putative hydrophobic binding pocket for ATP (Lin et al., 
2002; Rasmussen et al., 2005). Both Tik and And mutants cause increased 
levels and delayed nuclear entry of PER and TIM in pacemaker neurons (Akten 
et al., 2003; Lin et al., 2002). Overexpression of CK2αTik  in LNvs significantly 
increases free-running period to 33 hours, or results in arrhythmicity (Smith et al., 
2008). Transient expression of CK2αTik in adult fly pacemaker neurons can cause 
similar long period phenotypes, indicating that CK2 is directly involved in 
pacemaker function. Double-stranded RNA knocking down CK2 in S2 cells and 
overexpression of CK2αTik in Drosophila LNvs are both associated with 
decreased repressive activity of PER (Nawathean and Rosbash, 2004; Smith et 
al., 2008).  
c. SHAGGY 
Like DBT and CK2, Shaggy (SGG) is a serine/threonine protein kinase 
necessary for fly development (Bourouis et al., 1989). Shaggy is the Drosophila 
ortholog of vertebrate glycogen synthase kinase-3β (GSK-3β). The involvement 
of SGG in the circadian clock was discovered by a tissue-specific overexpression 
of random genes in pacemaker neurons. sgg overexpression in pacemaker 
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neurons accelerates the clock (Martinek et al., 2001). PER and TIM are found in 
the nuclei of the affected neurons earlier than the control. Reduction in SGG 
activity led to longer period and reduced phosphorylation of TIM, while sgg 
overexpression has the opposite effect. Mammalian GSK-3β can phosphorylate 
TIM in vitro, suggesting that SGG is likely a kinase for TIM. 
d. Protein phosphatases: PP2A and PP1 
The three clock-related kinases discussed above are also regulators of the 
Wnt/WINGLESS(WG) signaling pathway (Cadigan and Nusse, 1997; McKay et 
al., 2001; Peters et al., 1999; Willert et al., 1997; Yanagawa et al., 2002). Based 
on sequence analysis, Vodovar et al. (Vodovar et al., 2002) proposed that TIM 
and TIMEOUT share structural similarity with the ARMADILLO protein, the 
Drosophila homolog of β-catenin, a major regulator of the Wnt/WG pathway. But 
whether TIM and TIMEOUT are actually related to ARMADILLO is under debate 
(Kippert and Gerloff, 2004). Nevertherless, the similarity between Wnt/WG 
pathway and circadian clock prompted investigators to look at other members of 
Wnt/WG pathway for possible clock genes (Sathyanarayanan et al., 2004). 
Phosphatase 2A (PP2A) is a member of Wnt pathway (Li et al., 2001; Ratcliffe et 
al., 2000; Seeling et al., 1999). PP2A is composed of a catalytic subunit, a 
regulatory subunit and a structural subunit. Double-stranded RNAs against the 
PP2A catalytic subunit mts, or the two regulatory subunits tws and wdb were able 
to reduce co-transfected PER level in S2 cells (Sathyanarayanan et al., 2004). 
Manipulations of these genes in flies can lead to short or long period 
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(overexpression of tws or wdb, repectively), or total loss of rhythmicity 
(overexpression of tws, wild-type mts, or a dominant negative form of mts). In S2 
cells, WDB largely resides in nucleus, while TWS is mainly found in cytoplasm 
(Mayer-Jaekel et al., 1994; Sathyanarayanan et al., 2004). Both tws and wdb are 
rhythmically expressed in a clock dependent manner, with tws RNA level 
showing more significant fluctuation than that of wdb. Due to the stronger 
phenotype of tws transgenic flies and the high amplitude RNA oscillation, tws 
was considered to be more important for circadian rhythms than wdb. Further 
analysis using transgenic and mutant flies, as well as S2 cells and in vitro de-
phosphorylation assays revealed that PP2A de-phosphorylates PER and 
consequently stabilizes PER and promotes its nuclear entry (Sathyanarayanan et 
al., 2004). CLK is also a possible target of PP2A, and its stability is determined 
by the balance between DBT and PP2A (Kim and Edery, 2006). PP2A may also 
regulate TIM phosphorylation, but to a less extent compared to PER. 
Phosphatase 1 (PP1), on the other hand, mainly targets and stabilizes TIM (Fang 
et al., 2007). PP1 may work together with SGG and regulate the abundance of 
TIM in flies. PP1 also stabilizes PER in a TIM dependent manner. 
v. Ubiquitin ligase – SLIMB 
SLIMB, a member of F-box/WD40 protein family of the ubiquitin ligase SCF 
complex, is required for proteasome-mediated degradation of PER and TIM 
(Grima et al., 2002; Ko et al., 2002). Slimb mutant flies are behaviorally 
arrhythmic under constant conditions, and hyperphosphorylated PER and TIM 
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are constitutively present. SLIMB preferentially binds to DBT-phosphorylated 
PER in S2 cells. A DBT-dependent, SLIMB recruiting phosphorylation site (S47) 
of PER was recently identified (Chiu et al., 2008). In Slimb mutant flies, the 
rhythms of PER and TIM protein sustained in LD (Ko et al., 2002), indicating 
different mechanisms may be involved between light-induced and clock-
controlled protein degradations of PER and TIM (see JETLAG below).  
2. Secondary feedback loops 
Adding to the complexity of the circadian clock is the existence of secondary 
transcriptional feedback loops.  
One such feedback loop regulates the expression of the Clk gene. Vrille and 
pdp1 encodes two basic leucine zipper transcription factors which inhibit or 
activate the transcription of Clk, respectively. They were both found to be 
rhythmically transcribed genes, and both are directly regulated by CLK and CYC 
(Blau and Young, 1999; McDonald and Rosbash, 2001). VRI protein oscillates 
anti-phase to Clk and cry RNA rhythms (Glossop et al., 2003). Overexpression of 
vri leads to reduction of Clk expression, and Clk and cry genes both contain 
multiples VRI binding sites. The peak of PDP1 protein oscillation is three hours 
later than that of VRI (Cyran et al., 2003). Heterozygotes of vri and pdp1 null 
mutant have opposite effects on period length (short or long, respectively), 
indicating they have different functions (Blau and Young, 1999; Cyran et al., 
2003). In S2 cell luciferase assay, PDP1 can activate transcription by binding to 
clk promoter, while VRI competes with PDP1 for the same binding site and 
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repress the activation (Cyran et al., 2003). Overexpression of vri and lower 
dosage of pdp1 both resulted in decreased clk RNA level in vivo, supporting the 
opposite roles of VRI and PDP1 (Cyran et al., 2003). A recent study questioned 
the importance of PDP1 in regulating Clk expression by demonstrating that 
strong decrease or increase of PDP1 expression has no effect on either Clk RNA 
oscillation, or cell autonomous oscillator functions in pacemaker neurons (Benito 
et al., 2007). In contrast, the same manipulations of PDP1 expression caused 
behavioral arrhythmicity, suggesting a role for PDP1 in output signaling from 
pacemaker neurons. 
Another secondary feedback loop involves a newly identified transcriptional 
repressor clockwork orange (cwo) (Kadener et al., 2007; Lim et al., 2007; 
Matsumoto et al., 2007). cwo is among the candidate genes identified as clock 
controlled genes. Clock regulation of cwo is confirmed by RT-PCR showing 
rhythmically expressed cwo in fly head and identification of multiple E-boxes in its 
promoter region. cwo is expressed in pacemaker neurons. Different cwo mutant 
flies and cwo dsRNA expressing flies showed dampened rhythmicity at both 
behavioral and molecular levels, suggesting the involvement of cwo in 
pacemaker functions. cwo encodes a bHLH-orange containing transcription 
factor. In S2 cells, CWO can directly bind E-box enhancer elements and 
subsequently repress CLK:CYC dependent transcription. The repressor function 
of cwo is consistent with the delayed repression and elevated trough level of 
several clock genes in cwo mutant and dsRNA flies. Thus, a third transcriptional 
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feedback loop exists in Drosophila clock, involving CWO repressing its own 
transcription by competing with CLK:CYC for E-box binding and subsequently 
inhibiting gene expression. 
The contribution of the secondary feedback loops to circadian rhythms is not 
totally understood. The current proposal is that it might be important for the 
precise timing, high amplitude, and robustness of the oscillator function, as well 
as regulation of output genes. 
3. Light input pathway 
Light is the most significant natural cue for the entrainment of the circadian 
clock.  
At the behavioral level, circadian rhythms can be entrained by light:dark (LD) 
cycles. Constant light (LL) dampens (reduces amplitude, causes long period) or 
disrupts (causes arrhythmicity) circadian rhythms (Konopka et al., 1989). Free-
running rhythms can be reset (phase shift) by light pulses during the subjective 
night. Early night pulses phase-delay the circadian rhythms while late night 
pulses advance the rhythms.  
At the molecular level, the most notable effect of light is the rapid light-
dependent TIM degradation (Hunter-Ensor et al., 1996; Lee et al., 1996; Myers et 
al., 1996; Zeng et al., 1996). Light induced TIM degradation in Drosophila clock 
neurons correlated well with the behavioral resetting by light (Lee et al., 1996; 
Myers et al., 1996). During the early night, TIM and PER are accumulating in the 
cytoplasm. Light pulses during the early night cause TIM degradation and 
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subsequently delay the accumulation and nuclear entry of TIM and PER, thus 
delaying the clock. During the late night, TIM and PER are already in the nucleus. 
Light pulses lead to an early deprivation of TIM and subsequently early turnover 
of PER, thus advancing the clock. The action spectrum (the effectiveness of 
different wavelength of light to trigger a particular biological response) of TIM 
light degradation is similar to that of the behavioral resetting (Suri et al., 1998). 
Flies carrying the timsl allele show both increased TIM degradation and greater 
behavioral response to light. 
Although the opsin-based photoreception pathway is clearly involved in 
circadian light entrainment (Helfrich-Forster et al., 2002), it had long been 
speculated that there were extraocular pathways for the entrainment of the clock. 
The sine oculis (so1, which disrupts the development of compound eyes and 
ocelli) mutant flies can still entrain to light but with reduced sensitivity 
(Engelmann and Honegger, 1966; Helfrich, 1986). The light-induced degradation 
of TIM, which correlates with the light entrainment of behavioral rhythms, does 
not require opsin-based phototransduction (Suri et al., 1998; Yang et al., 1998). 
Molecular rhythms in isolated tissues can be reset by light, also demonstrating 
the existence of light input pathways independent of the eyes (Plautz et al., 1997). 
i. CRYPTOCHROME – a cell autonomous photoreceptor in pacemaker 
neurons 
cryptochromebaby (cryb) was isolated in a mutagenesis screen for flies with 
perturbed bioluminescence rhythms generated by the per-luciferase or tim-
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luciferase fusion genes (Stanewsky et al., 1998). cryb flies can entrain to LD 
cycles, but it takes them much longer to be re-entrained to a new LD cycle 
compared to wild-type flies (Emery et al., 2000b). They are totally unresponsive 
to brief light pulses at night, which can phase shift wild-type flies. Furthermore, 
cryb flies maintain behavioral rhythmicity under constant light while wild-type flies 
are arrhythmic (Emery et al., 2000a). In contrast, flies over-expressing cry are 
hyper-sensitive to light pulses of low light intensities (Emery et al., 1998). cry is 
expressed in subsets of clock neurons which also express per and tim (Emery et 
al., 2000b; Helfrich-Forster et al., 2007; Klarsfeld et al., 2004; Shafer et al., 2006; 
Zhao et al., 2003). Overexpressing cry only in pacemaker neurons of cryb flies 
was sufficient to rescue the light entrainment deficit, consistent with the model 
that CRY participate in a cell autonomous photoreception pathway (Emery et al., 
2000b). The remaining question was whether CRY functions as a photoreceptor 
or a downstream molecular transducing light information. 
  Sequence analysis revealed that Drosophila cry belongs to the 
PHOTOLYASE/CRYPTOCHROME gene family. Photolyases are a class of DNA 
repair enzymes that use covalently bound flavin and pterin chromophores to 
harvest blue light energy to repair UV light induced DNA pyrimidine dimers 
(Cashmore et al., 1999; Sancar, 1996). Cryptochromes are structurally related to 
photolyases, but lack the ability to repair DNA damage. Cryptochromes were first 
discovered in plants as blue light receptors (Ahmad and Cashmore, 1993), and 
later in animals (Hsu et al., 1996). Photolyases and CRYs from various species, 
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including Drosophila CRY, can bind flavin and pterin cofactors and maximally 
absorb blue light in vitro (Berndt et al., 2007; Hsu et al., 1996; Lin et al., 1995; 
Malhotra et al., 1995; Okano et al., 1999; Ozgur and Sancar, 2003; Selby and 
Sancar, 1999; Song et al., 2007; Todo, 1999). The cryb mutation causes an 
amino acid substitution in the highly conserved flavin-binding region, indicating 
that the deficit of light response caused by the mutation may be directly related to 
its inability to absorb light (Stanewsky et al., 1998). Moreover, mutant flies with all 
known photoreceptor structures disrupted except for the cry-positive LNvs can 
only be entrained by blue light (Helfrich-Forster et al., 2002), consistent with the 
role of CRY as a cell autonomous blue light photoreceptor.  
ii. TIM 
Several lines of evidence put TIM immediately downstream of CRY in the 
CRY-dependent light input pathway.  
TIM is not degraded by light in cryb flies (Lin et al., 2001; Stanewsky et al., 
1998). Light-dependent TIM degradation requires CRY in S2 cells (Koh et al., 
2006). TIM binds to CRY in a light dependent manner, as shown with the yeast 
two hybrid assay (Ceriani et al., 1999) and co-immunoprecipitation in S2 cells, as 
well as in vivo (Busza et al., 2004). Analysis of crym mutant (C-terminal 19aa 
deletion) and CryΔ (C-terminal 20aa deletion) transgenic flies suggested that 
CRY receives and transmits light signals through its conserved N-terminal 
photolyase-like domain, while the C-terminal tail regulates the light dependent 
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CRY-TIM interaction as well as CRY stability, thus regulating circadian light 
sensitivity (Busza et al., 2004; Dissel et al., 2004). 
In S2 cells, transiently expressed PER and TIM can repress CLK:CYC 
dependent transcription. Co-expressed CRY can de-repress transcriptional 
inhibition in a light dependent manner without TIM degradation, suggesting a 
possible way of resetting the clock in a TIM-degradation independent manner 
(Ceriani et al., 1999).  
iii. SGG 
SGG is also involved in the light-dependent degradation of TIM (Yuan et al., 
2005). Serotonin, a neurotransmitter which de-sensitizes flies to light pulses, can 
induce the phosphorylation of SGG and decrease its kinase activity and 
subsequently decrease TIM light degradation. However, a recent study of sgg 
over-expressing flies showed that these flies are less sensitive to constant light 
(Stoleru et al., 2007). It turned out that SGG interacts with CRY and stabilizes 
CRY and TIM by an unknown mechanism. Further studies are required to clarify 
the functions of SGG in the Drosophila circadian clock light input pathway. 
iv. JETLAG 
The most characteristic feature of cryb flies might be their rhythmic behavior 
under constant intense light, when wild-type flies become arrhythmic (Emery et 
al., 2000b). Other mutations which affect the same CRY-dependent light input 
pathway may also lead to the similar rhythmic behavior under constant light (LL).  
Koh et al. identified a strain of such flies, named jetlag (jet), which maintain 
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rhythmic locomotor activity under LL for more than a week, while wild type flies 
lose rhythmicity after one or two days under the same condition (Koh et al., 2006). 
Jet mutant flies are rhythmic in LD and DD, indistinguishable from wild-type flies, 
but they take longer to re-entrain to new LD cycles. The phase shift responses 
induced by light pulses during the subjective night are reduced in these flies, and 
this phenotype can be rescued by over-expressing wild type jet.  
jet encodes an F-box protein which promotes TIM ubiquitination and 
degradation in a light-dependent manner. Several lines of evidence, both in vivo 
and in S2 cells, support this conclusion. It has been shown that light dependent 
TIM degradation is mediated by the ubiquitin-proteasome pathway (Naidoo et al., 
1999). In jet mutant flies, light-dependent TIM degradation was attenuated (Koh 
et al., 2006). In S2 cells, both CRY and JET are required to initiate light-
dependent TIM degradation, and JET can physically interact with TIM and 
promote its ubiquitination in the presence of light. Genetic interaction between jet 
and tim is further confirmed by the analysis of veela flies (Peschel et al., 2006). It 
turns out that jet mutation alone is not sufficient to block CRY-dependent light 
transduction. A naturally occurring tim allele (ls-tim, which gives rise to both long 
and short form of tim transcripts) is required together with jet mutation for LL 
rhythmicity and blocked TIM light degradation.   
CRY itself can also be degraded by light through the proteasome pathway 
(Ceriani et al., 1999; Emery et al., 1998; Lin et al., 2001), and it may also involve 
JET (Peschel et al., 2009). 
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4. Circadian clock output  
The most popular readout of the circadian clock output in adult flies is their 
locomotor activity rhythm. Wild type flies usually show a bimodal activity pattern 
in LD, with two activity peaks at around dawn and dust (morning peak or M-peak, 
and evening peak or E-peak, respectively). The increase of the activity begins 
before the light-on or light-off, indicating the ability of the underlying oscillators to 
anticipate the environmental changes. Under DD or constant dim light conditions, 
the two activity peaks “merge” into a broad peak across the subjective day. 
Recent studies have linked the two activity peaks to separate groups of neurons 
in the brain: the PDF+ LNvs (M-cells) drive the M-peak, while the LNds and 
possibly a subset of DNs (E-cells) control the E-peak (Grima et al., 2004; Stoleru 
et al., 2004). In DD, M-cells are master oscillators and set the period length for 
both M- and E-peaks (Stoleru et al., 2005). In particular situations, however, E-
cells can act as principal oscillators. Under constant light conditions, 
overexpression of certain genes can rescue the molecular oscillation only in a 
subset of DN1 cells and leads to rhythmic locomotor activity (Murad et al., 2007). 
Under long day conditions, the LNds, DN1s, and DN2s determine the phase of 
both the M-peaks and E-peaks (Stoleru et al., 2007). The inability of LNvs to drive 
locomotor rhythmicity can be partially explained by the observation that light can 
inhibit the LNvs behavioral output through the visual system (Picot et al., 2007). 
These data fits the Dual Oscillator Model of circadian clock (Pittendrigh and Daan, 
1976). The switch between M-cells and E-cells as the primary oscillators in 
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response to different lighting conditions can help flies to cope with seasonal 
changes of day length. 
Pigment-dispensing factor (PDF) is the primary neuropeptide controlling 
circadian locomotor activity rhythms in adult flies. PDF is expressed in eight clock 
neurons: 4 small LNvs (s- LNvs) and four large LNvs (l- LNvs) (Helfrich-Forster, 
1995; Park et al., 2000; Renn et al., 1999). Pdf01 null mutant flies are rhythmic 
under LD cycles, but without the morning activity peak. Under DD conditions, the 
majority of flies become arrhythmic and the remaining rhythmic flies have short 
periods (Renn et al., 1999). PDF protein is expressed in the cytoplasm and 
axons of LNvs, but apparent PDF rhythms can only be observed in the nerve 
terminals, probably indicating rhythmic PDF secretion (Park et al., 2000). PDF 
receptor (PDFr) was later independently identified by three groups (Hyun et al., 
2005; Lear et al., 2005; Mertens et al., 2005). PDFr is expressed in both clock 
neurons, including LNvs, and non-clock neurons, suggesting its involvement in 
both feedback and synchronization of pacemaker neurons as well as bridging 
central clock with downstream output pathways (Hyun et al., 2005; Mertens et al., 
2005). A recent report using cyclic AMP imaging revealed that s-LNvs and most 
PDF- clock neurons, but not the large LNvs (l-LNvs), respond to PDF (Shafer et 
al., 2008). Interestingly, PDF is not required for rhythmic activity under LL 
condition (Murad et al., 2007; Picot et al., 2007), consistent with the model that 
some PDF-negative LNds and DNs are the master oscillator under LL.  
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C. Comparative analysis of the mouse and Drosophila circadian 
clocks 
In mouse, overt rhythms are controlled by the suprachiasmatic nuclei (SCN), 
a pair of small pea-shaped structures along the brain midline of the 
hypothalamus (Klein et al., 1991; Moore et al., 2002). Surgical lesion and 
transplantation experiments in rodents established the SCN as the central clock 
(Lehman et al., 1991). The SCN contains thousands of independent pacemaker 
neurons which are synchronized and convey physiological and behavioral 
rhythms to the animal (Reppert and Weaver, 2002). 
The mouse molecular clock is organized in a way similar to that of 
Drosophila (Figure 1-3). mCLK and mBMAL1 drive gene expression of mPer1, 
mPer2, mCry1 and mCry2, which in turn repress mCLK:mBMAL1 dependent 
transcription. Kinases and protein phosphatases regulated key steps of the 
oscillation including protein degradation and nuclear entry. Interlocking feedback 
loop involving REV-ERBα and RORα regulated Bmal1 expression.  
1. The negative feedback loop 
i. mCLOCK and mBMAL1 
mCLOCK (mCLK) and mBMAL1 (brain and muscle ARNT-like protein 1) are 
mouse homologs of dCLK and dCYC, respectively. Actually dCLK and dCYC 
were cloned through homology to mCLK and mBMAL1 (Bae et al., 1998; 
Darlington et al., 1998).  
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Like their Drosophila counterparts, mCLK and mBMAL1 are both bHLH-PAS 
transcription factors, and form heterodimers to activate transcription from E-box 
enhancers (Gekakis et al., 1998; Hogenesch et al., 1998). They are both 
expressed in the SCN.  mBmal1 knockout mice completely lose circadian 
rhythms (Bunger et al., 2000). A dominant negative mClk mutant (ClkΔ19) causes 
long periods in heterozygotes and arrhythmicity in homozygotes (King et al., 
1997; Vitaterna et al., 1994). Surprisingly, mClk knockout mice show largely 
unaffected molecular rhythms in SCN and overall behavioral rhythms (Debruyne 
et al., 2006). It turns out that NPAS2, a paralog of mCLK, can function as a 
mCLK substitute in SCN and keeps the master clock ticking (DeBruyne et al., 
2007). mCLK, like dCLK, has a glutamine-rich region in the C-terminus. However 
this glutamine-rich region may not be the primary trans-activation domain of the 
mCLK:mBMAL1 complex. Instead, a small domain at the very C-terminus of 
mBMAL1 appears to be necessary for the mCLK:mBMAL1-mediated 
transcription, and is also the inhibitory binding site by mCRY1 (Kiyohara et al., 
2006; Takahata et al., 2000).  
The transcriptional regulation of mouse peripheral clocks involves histone 
acetyltransferase (HAT) dependent chromatin remodeling (Curtis et al., 2004; 
Etchegaray et al., 2003). mCLK has HAT activity which is critical for circadian 
transcriptional regulation (Doi et al., 2006). mBMAL1 can enhance HAT activity of 
mCLK, and can also be acetylated by mCLK (Hirayama et al., 2007). The 
acetylation at Lysine537 of mBMAL1 helps the binding of mCRY1 to 
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mCLK:mBMAL1 complex and thus facilitates transcriptional repression. mBMAL1 
protein stability is as least partially regulated by rhythmic SUMOylation (SUMO: 
small ubiquitin-related modifier protein) (Cardone et al., 2005). 
ii. mPER1, 2, and 3 
There are three period genes in mouse: mPer1, mPer2, and mPer3. 
Knockout of either mPer1 or mPer2 can lead to severe deficiency in locomotor 
activity rhythms (Bae et al., 2001; Zheng et al., 2001). However, mPer1 and 
mPer2 single knockout mice can maintain rhythmicity for several days in DD 
before they become completely arrhythmic, indicating that their circadian clocks 
are only partially broken (Bae et al., 2001). mPer1 and mPer2 double knockout 
mice immediately become arrhythmic upon transfer to DD, indicating that both 
genes together are required for a functional clock (Bae et al., 2001; Zheng et al., 
2001). mPer1 and mPer2 may also have different functions. For instance, 
mPER2 may act as a positive regulator of mBmal1, while mPER1 does not 
(Shearman et al., 2000b). mPer3, on the other hand, is not an essential clock 
gene. Circadian rhythms of mPer3 knockout mice only slightly altered (Shearman 
et al., 2000a). Double knockouts of mPer3 with either mPer1 or mPer2 are 
phenotypically indistinguishable to mPer1 or mPer2 single knockout mice, 
respectively (Bae et al., 2001). mPer3 was therefore proposed to be a clock 
output gene rather than a core clock component.  
All three mPer genes are rhythmically transcribed in the SCN (Albrecht et al., 
1997; Shearman et al., 1997; Sun et al., 1997; Tei et al., 1997; Zylka et al., 1998). 
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mPER proteins undergo rhythmic changes in abundance, phosphorylation, and 
cellular localization (Lee et al., 2001). However, unlike dPER, mPERs are not the 
primary clock transcriptional repressor (see discussion below), and can only 
mildly repress mCLK:BMAL1 dependent transcription in cell culture (Jin et al., 
1999).  
mPer1 and mPer2 are among the immediate early genes responding to light 
exposure in the SCN and therefore are likely to be involved in the light 
entrainment of the master clock (Albrecht et al., 1997; Shearman et al., 1997; 
Shigeyoshi et al., 1997).  
iii. mCRY1, 2 
A mammalian Cry gene (hCry1) was first identified in human by analysis of 
human EST cDNA libraries (Adams et al., 1995). The same gene was later 
cloned independently through its homology to Drosophila 6-4 photolyase (Todo 
et al., 1996), and a second human Cry (hCry2) gene was identified later. Neither 
CRY proteins show photolyase activity in vitro (Hsu et al., 1996). Two mouse Cry 
genes, mCry1 and mCry2, were cloned from mouse cell line by homology to the 
hCry genes (Kobayashi et al., 1998). Double knockout mice Cry1-/-;Cry2-/- show 
immediate and complete loss of behavioral rhythmicity upon transfer to DD (van 
der Horst et al., 1999; Vitaterna et al., 1999). Luciferase transcriptional assays 
using mammalian cell culture (Griffin et al., 1999; Kume et al., 1999) or 
Drosophila S2 cells (Shearman et al., 2000b) both suggested that mCRY 
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proteins are potent repressors of mCLK:mBMAL1-mediated transcription, while 
mPER proteins can only modestly inhibit mCLK:mBMAL1.  
mCRYs, like all other cryptochromes, consist of a core photolyase-like 
domain and a C-terminal extension. A functional domain mapping in cell culture 
revealed that the C-terminal extension of mCRY1 contains two functionally 
important domains: a nuclear localization sequence (NLS) and an 
mPER/mBMAL1 binding domain (Chaves et al., 2006). The C-terminal extension 
is necessary for transcriptional inhibition of mCLK:mBMAL1 dependent 
transcription in cell culture. In cell culture, over-expressed mCRY1 is nuclear and 
can promote mPER2’s nuclear entry (Kume et al., 1999; Yagita et al., 2002). In 
vivo, however, mCRYs and mPERs are dependent on each other to translocate 
to the nucleus, and mPERs are in the limiting amount to set off the nuclear 
translocation in liver clock (Lee et al., 2001). 
iv. Kinases and phosphatases 
The Syrian hamster tau (τ) mutant, which exhibits a short period 
(heterozygote ~22h; homozygote ~20h), is the first single gene clock mutation 
identified in vertebrates (Ralph and Menaker, 1988). Positional cloning identified 
the mutated gene as casein kinase 1ε, a homolog of Drosophila doubletime 
(Lowrey et al., 2000). The tau mutation causes a R178C substitution in a highly 
conserved region (Lowrey et al., 2000). In mouse, mCK1ε, together with its 
paralog mCK1δ, can phosphorylate mPER proteins and regulate their stability 
and cellular localization (Eide et al., 2005; Keesler et al., 2000; Lee et al., 2001; 
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Vielhaber et al., 2000). mBMAL1 and mCRY proteins are also possible 
substrates of mCK1ε (Eide et al., 2002). mCK1ε-mediated phosphorylation of 
mBMAL1 augments its transcriptional activity (Eide et al., 2002), while DBT-
mediated phosphorylation of dCLK decreases its DNA binding ability and inhibits 
transcription (Kim et al., 2007; Lee et al., 1998; Yu et al., 2006; Yu et al., 2009). 
mCK1εtau selectively destabilizes mPER1 and mPER2 to accelerate the circadian 
cycle, and leads to short period (Dey et al., 2005; Meng et al., 2008). However, 
mCK1εtau showed decreased catalytic activity by in vitro assay (Lowrey et al., 
2000). A possible explanation is that mCK1εtau is a gain of function mutant for 
particular destabilizing phosphorylation sites of mPERs (Gallego et al., 2006a).  
A single mutation in hPer2 gene (S622G) inside a CK1 binding site is 
associated with human familial advanced sleep syndrome (FASPS) (Toh et al., 
2001). Phosphorylation at this position facilitates the subsequent phosphorylation 
by CK1 (Toh et al., 2001; Xu et al., 2007). Overexpression of hPer2 S622G 
mutant in mouse leads to decreased per transcription and shortened period 
similar to human FASPS (Xu et al., 2007). Interestingly, polymorphism in a 
putative CK1ε binding region of hPER3 is associated with human delayed phase 
sleep syndrome (Ebisawa et al., 2001).  
A missense mutation of Ck1δ (T44A) also causes FASPS in human, 
suggesting that Ck1δ is a core clock gene (Xu et al., 2005). The mutant 
CK1δ show decreased catalytic activity in vitro. Overexpression of the same 
mutant CK1δ in Drosophila leads to lengthened period, opposite to the shortened 
 
32 
 
period phenotype in mouse, indicating different mechanisms of kinase-mediated 
post-translational regulation in Drosophila and mouse. Recent work indicates that 
disruption of CK1δ increases circadian period, while disruption of CK1ε does not 
affect period (Etchegaray et al., 2009; Meng et al., 2008) 
As found in Drosophila, phosphatases also contribute to posttranslational 
regulation of clock genes in mouse. βTrcp, a ubiquitin ligase (see below), targets 
CK1ε phosphorylated mPERs for proteasome-mediated degradation (Shirogane 
et al., 2005). Protein phosphatase 1 (PP1) can counteract CK1ε dependent 
phosphorylation and protect mPERs from βTrcp recognition and stabilize mPER2 
in cell culture (Gallego et al., 2006b). Protein phosphatase 5 (PP5) activates 
CK1ε by removing the inhibitory autophosphorylation from the kinase in vitro 
(Partch et al., 2006). The PP5-dependent dephosphorylation of CK1ε can be 
inhibited by mCRY2. 
v. Ubiquitin ligases 
Protein abundance of most clock components oscillate over time of the day 
(Lee et al., 2001). Recently, three groups independently identified a mouse F-box 
E3 ubiquitin ligase regulating mCRYs degradation (Busino et al., 2007; Godinho 
et al., 2007; Siepka et al., 2007). Overtime and afterhours are two different 
mutations of the same gene, fbxl3. Both mutations affect the CRY binding 
domain of FBXL3 and lead to long period (Godinho et al., 2007; Siepka et al., 
2007). FBXL3 binds specifically to mCRY1 and mCRY2 in cell cultures and 
promotes their degradation (Busino et al., 2007).  
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βTrCP1 and βTrCP2, also members of the F-box E3 ubiquitin ligase family, 
bind to mPER1 or mPER2 in a phosphorylation dependent manner and promote 
their degradation in cell cultures (Eide et al., 2005; Shirogane et al., 2005). They 
are both orthologs of Drosophila SLIMB which regulates the proteasome-
mediated degradation of dPER. 
2. Secondary feedback loop 
In Drosophila, rhythmic expression of clk is at the center of the second 
feedback loop of circadian clock (Cyran et al., 2003). In mouse, mClk RNA does 
not oscillate in the SCN (Shearman et al., 1999; Tei et al., 1997). On the contrary, 
mBmal1 RNA show robust rhythms in opposite phase to those of mPer genes 
(Oishi et al., 2000; Shearman et al., 2000b). REV-ERBα, an orphan nuclear 
receptor, negatively regulates mBmal1 transcription by binding to Rev-Erbα/ROR 
response elements in mBmal1 promoter, and mBmal1 RNA rhythm is dampened 
and always at high levels in Rev-erbα knockout mice (Preitner et al., 2002). Rev-
erbα knockout mice are rhythmic with slightly shorter period comparing to wild 
type mice. Rev-erbα transcription is rhythmic and is probably directly regulated 
by CLK:BMAL1 through the E-box element in the Rev-erbα promoter region.  
It is worth noting that the REV-ERBα/ROR response elements from mBmal1 
promoter is sufficient to drive rhythmic gene expression in cultured cells, 
indicating the possible involvement of a positive regulator (Ueda et al., 2002). It 
was found later that another member of the orphan nuclear receptor family, Rorα, 
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positively regulate the expression of mBmal1 by binding to the same Rev-
erbα/ROR response elements in mBmal1 promoter (Akashi and Takumi, 2005; 
Sato et al., 2004). In summary, as in Drosophila clock, a schematically similar 
secondary feedback loop also exists in mouse clock, with different regulators.  
3. Light input pathways 
As in Drosophila, light pulses in the night can delay or advance the phase of 
the clock in mouse. Photic signals are received by the eyes and transduced into 
the SCN through the retinohypothalamic tract (RHT) (Antle and Silver, 2005). 
Upon receiving the signals, MAP kinase pathway is activated in the recipient 
SCN neurons, leading to the phosphorylation of cAMP-response-element-binding 
protein (CREB) (Obrietan et al., 1998). Activated CREB can activate gene 
expression through binding to the Ca2+/cAMP response element (CRE) cis-
element. mPer1, mPer2 are among the immediate early genes (IEG) induced by 
light (Shigeyoshi et al., 1997; Zylka et al., 1998). Except for these two core clock 
genes the role of other IEGs in light resetting is not clear. 
Enucleation (eye loss) in both human (Czeisler et al., 1995) and rodents 
(Foster et al., 1991; Nelson and Kaas, 1981) blocks circadian photoentrainment, 
indicating that the circadian photoreceptors are located in the eye. The two types 
of visual photoreceptor cells, rods and cones, contribute to but are not required 
for circadian light entrainment, indicating the existence of additional 
photoreceptors in the eye for entraining the central clock (Foster et al., 1991; 
Lucas et al., 1999). Mammalian CRYs were possible candidates at first, since 
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CRYs are photoreceptors in plants and flies. Functional analysis later revealed 
that they are major clock transcriptional repressors in mouse, but it did not rule 
out the possibility of mCRYs being photoreceptors. Another opsin, melanopsin, 
was discovered shortly after (Provencio et al., 2000). Melanopsin-expressing 
retinal ganglion cells send projections to the SCN and other non-visual receptive 
structures (Berson et al., 2002; Hattar et al., 2002; Provencio et al., 2002). Finally, 
melanopsin deficient mice, when combined with rod and cone disruption, lost all 
of the non-visual photo responses, including circadian light entrainment (Hattar et 
al., 2003; Panda et al., 2003). Non-photoresponsive cells can be turned into 
photosensitive cells by expressing melanopsin, confirming that melanopsin is a 
bona fide photoreceptor (Melyan et al., 2005; Panda et al., 2005; Qiu et al., 2005).  
4. Circadian clock output 
SCN send projections to different regions of the brain, as well as peripheral 
tissues. Most SCN outputs end in other regions of the hypothalamus, including 
the subparaventricular zone (SPZ) and dorsomedial nucleus. Through these 
relay centers, SCN send temporal information to broad targets in the brain and 
the body. The information can be carried out by rhythmic firing rate or release of 
neurotransmitters. In mouse, a number of neuropeptides are suggested to be 
SCN output molecules including transforming growth factor-α (TGF-α) (Kramer et 
al., 2001), prokineticin-2 (PK2) (Cheng et al., 2002), and cardiotrophin-like 
cytokine (CLC) (Kraves and Weitz, 2006). They are all rhythmically expressed in 
SCN with peaks during the daytime, and are all capable of suppress daytime 
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activity. There are many other neurotransmitters (for example vasoactive 
intestinal polypeptide (VIP), gastrin-releasing peptide (GRP), substance P (SP), 
etc.) involved in the communication within SCN neurons and between SCN and 
their downstream target (Antle and Silver, 2005). Almost all the SCN neurons are 
GABAergic. 
VPAC2 receptor, a family of G-protein coupled receptors which respond to a 
superfamily of structurally related neuropeptides including VIP and PACAP 
(pituitary adenylate cyclase-activating polypeptide), is expressed in the mouse 
SCN and is essential for circadian functions (Harmar et al., 2002). Interestingly, 
VPAC receptors and Drosophila PDF receptor both respond to PACAP (Mertens 
et al., 2005). 
Nonetheless, the neuronal and hormonal pathways of clock output in 
mammalian are still poorly understood, and a lot more has to be done to 
elucidate the mammalian circadian clock output networks. 
5. Summary of Drosophila and mouse clocks 
Both Drosophila and mouse circadian clocks are constructed with the same 
blueprint: auto-regulatory transcriptional feedback loops. In the center of the 
scheme are two bHLH-PAS transcription factors which activate transcription of 
many clock-related genes. Among these genes are transcriptional repressors 
which can block their own transcription. These repressors accumulate in the 
cytoplasm, translocate into the nucleus, and shut down transcription, thus 
completing the feedback loop. To generate a self-sustainable, near 24-h rhythm, 
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post-translational regulations are implemented at multiple levels to regulate 
protein accumulation/degradation, cellular localization, and protein activity.  
There are, however, many significant differences between these two clocks. 
The most notable difference is probably the existence of multiple copies of many 
clock genes in mouse, like CLK/NPAS2, PER1-3, CRY1 and 2, and CK1 δ and ε. 
In Drosophila, CLK is regulated by the second feedback loop and bearing the 
glutamine-rich trans-activation domain; in mammalian, BMAL1, instead of CLK, is 
under the control of the second feedback loop and contains a trans-activation 
domain in its very C-terminal end. The primary repressor of the negative 
feedback loop is also different: dPER in Drosophila, but mCRY1 and mCRY2 in 
mouse. mTimeless is more closely related to dtimeout than dTim. Both 
mTimeless and dtimeout  are essential genes for mouse and Drosophila 
development, respectively (Benna et al., 2000; Gotter et al., 2000). The 
involvement of dtimeout in Drosophila clock, as well as the role of mTimeless in 
mouse clock, is still under debate (Gotter, 2006).  
Recent studies raised questions about the role of transcriptional regulation in 
circadian clock. The most extreme example is the reconstitution of circadian 
oscillations in vitro using just three cyanobaterial proteins and ATP without any 
transcription involved (Nakajima et al., 2005). Continuously administration of  cell 
permeable mCRY1 and mCRY2 proteins rescued the circadian oscillation in Cry1 
and Cry2 double knockout mouse fibroblast cells (Fan et al., 2007). Per and Tim 
transgene under control of a constant promoter can rescue the behavioral 
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rhythms in per0 and tim0 flies (Yang and Sehgal, 2001). Rhythmic transcription of 
dClk is dispensable for pacemaker function in Drosophila (Kim et al., 2002). On 
the other side of the story, however, there is also clear evidence emphasizing the 
importance of transcriptional regulation in circadian clock. These rescued per0 
and tim0 flies by constant expression of per or tim exhibit much less robust and 
precise behavioral rhythms. Although self-sustainable phosphorylation rhythm 
can be achieved in vitro without transcription, a robust and properly temperature-
compensated clock in Cyanobacteria requires both post-translational and 
transcriptional feedback loops (Kitayama et al., 2008). The correct answer to this 
issue is probably that both transcriptional and post-translational regulations are 
required for a robust and precise clock (Blau, 2008).   
D. Circadian clock in monarch butterfly (Danaus plexippus) and 
experimental objective 
By studying circadian clock in monarch butterfly, we want to get closer to the 
answers of two major questions: how do monarch butterflies navigate during their 
yearly fall migration, and what is a general clock model for insects.  
Each autumn, Eastern North American population of monarch butterflies 
(Danaus plexippus) undergoes a “bird-like” long range migration to their 
overwintering site in the Transverse Neovolcanic belt of Central Mexico (Brower, 
1995; Urquhart and Urquhart, 1978) (Figure 1-4A). How monarch butterflies 
navigate during their long migration is poorly understood. They are likely to 
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integrate multiple environmental cues to decide where to fly. The sun is the most 
noticeable cue in a clear sky. However, without a time compensation mechanism, 
the sun will be an unreliable landmark because it continuously moves across the 
sky. The first evidence of a time-compensated sun compass in monarch butterfly 
came from observations of flying direction of released migrants in time-shifted or 
non-shifted groups (Perez et al., 1997). By using a flight simulator to measure the 
flying directions of tethered migrant monarchs, investigators confirmed the link 
between their internal clock and the sun compass (Froy et al., 2003; Mouritsen 
and Frost, 2002). A 6-h phase advance or delay of the monarch clock changed 
the flying direction of tethered butterflies from southwest (direction to Mexico) to 
southeast or northwest, respectively. More importantly, exposure to constant light, 
which disrupted the internal clock of monarch, led to a direct phototaxis (toward 
the sun) flying direction of the migrants, irrespective of time of the day (Froy et al., 
2003) (Figure 1-4B).  
In addition to the sun, monarchs can also use polarized sky light as 
directional cue to orient (Reppert et al., 2004). Like in many other insects, the 
dorsal rim area (DRA), which occupies the dorsalmost margin of the monarch 
eye, is structurally capable of perceiving polarized light. Remarkably, a CRY 
positive fiber pathway originating from the DRA photoreceptor cells projects to 
the optic medulla, in close proximity to the projection of the presumptive clock 
neurons in monarch brain (Sauman et al., 2005). This provides a possible 
 
40 
 
physical integration node between the sun compass and the circadian clock in 
monarch brain.  
The initiation of monarch migration is another mystery. Shortening day 
length and decreasing temperature are two major environmental cues signaling 
the coming of the cold season. Circadian clock might detect the short day length 
and help to trigger the migration. 
 Other than the differences between clock mechanism of Drosophila and 
mouse, there are also differences of clock mechanism between Drosophila and 
other insects. The most startling observation of non-Drosophila insect clock is 
that the immunostaining signal of PER is always in the cytoplasm in the 
candidate brain pacemaker neurons. Immunostaining of Antheraea Pernyi (A. 
pernyi, Chinese oak silkmoth) brain using an anti-apPER peptide antibody 
revealed cytoplasmic only staining throughout the LD cycle (Sauman and 
Reppert, 1996). Cytoplasmic PER staining throughout the day was also detected 
in a damselfly, a paleopteran insect (Zavodska et al., 2003). Zavodska et al. also 
stained many other insect brains collected at ZT3-6, when dPER is nuclear in 
Drosophila clock neurons (Shafer et al., 2002), to look at PER distribution pattern. 
Of all insects examined, including a bristletail (Thysanura), mayfly 
(Ephermoptera), 2 locust species (Orthoptera), stonefly (Plecoptera), 2 bug 
species (Hemiptera), goldsmith beetle (Coleoptera), caddisfly (Trichoptera), 
honeybee (Hymenoptera), and 2 blowfly species (Diptera), PER is always 
cytoplasmic in the brain (Zavodska et al., 2003). Housefly, a diptera, originally 
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showed cytoplasmic only PER staining (Codd et al., 2007). A closer study using 
confocal microscopy, however, revealed nuclear staining of PER at ZT24. Could 
a closer look at other insect brains give a different picture of PER-staining 
patterns? Or could the cytoplasmic only staining of PER represent a drastically 
different clock model in many non-Drosophila insects? Using the same PER 
antibody which only stains cytoplasm of certain neurons in silkmoth neurons, 
Sauman et al. were able to detect rhythmic nuclear accumulation of PER in the 
eye (Sauman and Reppert, 1996).Successful rescue of the behavioral rhythms in 
per0 flies using apPer transgene suggested similar functions between dper and 
apper (Levine et al., 1995). A Drosophila-like feedback loop was re-constructed 
in S2 cells using A. pernyi Clk, bmal, per and tim genes (Chang et al., 2003). 
apPER is readily nuclear in S2 cells and can potently repress apCLK:apBMAL 
dependent transcription. It is in sharp contrast to the cytoplasmic only staining of 
apPER in A. pernyi brain, and called for further investigation.  
Despite the similar negative feedback loops, there are many differences 
between Drosophila and A. pernyi clock genes. apCLK does not have a 
glutamine-rich domain in its C-terminal. apBMAL1 has a C-terminal trans-
activation domain which is highly homologous to that of mBMAL1, while dCYC is 
“truncated” right after the PAS domain (Chang et al., 2003). In S2 cells, apTIM is 
nuclear, while dTIM is cytoplasmic. apPER is in general homologous to dPER 
except that apPER is much shorter than dPER (849 aa vs 1224 aa). So the 
question remains: is Drosophila circadian clock a general model for insects? 
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The general goal of this work is to delineate the molecular basis of monarch 
butterfly circadian clock. I started with re-constructing the monarch circadian 
clock main negative feedback loop in S2 cells, focusing on homologs of the 
components of Drosophila main feedback loop: CLK, CYC, PER, and TIM. The 
discovery of cry2 gene in insects, including monarch, shifted the focus of my 
research to the functional analysis of insect cry2, with emphasis on monarch cry2. 
During the course of my study, our laboratory obtained a monarch butterfly 
embryonic cell line called DpN1 cells. Most of my later work is focused on 
studying clock gene functions in DpN1 cells. During my thesis research, I also 
made a lot of efforts on developing monarch specific antibodies, including 
antibodies against TIM, CRY2, CLK, and CYC.  
Collectively, my research helped to change our view of insect clock from a 
Drosophila-centric standpoint to a much more diverse picture. My study also 
advanced the understanding of monarch circadian clock mechanism, and 
provides a foundation for further studies. 
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Figure 1-1. Conceptual presentation of circadian clock 
Circadian clock system is composed of three components: the intrinsic clock 
to tell time, the input pathways to synchronize the clock to environmental 
changes, and output pathways to regulate rhythmic behavior. 
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Figure 1-2. Drosophila clock model 
Late in the day, CLOCK (CLK) and CYCLE (CYC) start a circadian cycle 
by activating period (per) and timeless (tim) transcription from E-boxes, and lead 
to a steady increase in per and tim mRNA level which peaks during midnight. 
PER and TIM protein accumulate during night alongside their mRNA, but with a 
delay of several hours. Kinases (DBT, CK2, and SGG) and protein phosphatases 
(PP2A and PP1) regulate PER and TIM protein turnover rate by phosphorylation 
(destabilize) and de-phosphorylation (stabilize). Ubiquitin ligase (SLIMB) binds 
preferentially to hyperphosphorylated proteins and mediates their proteasomal 
degradation. TIM and PER form heterodimers and lead to stabilization of PER, 
probably by preventing destabilizing phosphorylation of PER. After PER and TIM 
accumulate to near peak levels at midnight, they begin to enter the nucleus and 
inhibit transcription. Their nuclear entry is regulated by phosphorylation, but with 
a largely unknown mechanism. Because of the inhibitory effect of nuclear PER, 
CLK:CYC dependent transcription begins to decline. After dawn, light activates 
CRYPTOCHROME (CRY). CRY then bind TIM and lead to the rapid TIM 
degradation. The light-dependent TIM degradation also requires kinases 
(possibly SGG) and ubiquitin ligase JETLAG (JET). PER remains in the nucleus 
after TIM degradation and transcription levels continue to decrease until late day, 
when PER gradually gets degraded in the absence of TIM. A new cycle then 
begins. 
Other than the main feedback loop, there are two secondary feedback 
loops. In one feedback loop, CLK:CYC drive the expression of vrille (vri) and 
pdp1. VRI and PDP1 then sequentially inhibit and activate clk transcription. In 
another loop, CLK:CYC activate transcription of clockwork orange (cwo), which 
feeds back and competes with CLK:CYC for E-box binding to repress 
transcription. 
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Figure 1-3. Mouse clock model 
CLK:BMAL1 drive per1-2 and cry1-2 gene transcription. mPER1-2 and 
mCRY1-2 proteins enter the nucleus co-dependently and repress their own 
transcription. Casein kinase 1δ and ε (CK1δ/ε) phosphorylate mPER proteins and 
regulate their protein stability and nuclear entry. Other clock protein including 
CLK and BMAL1 can also be phosphorylated by CK1δ/ε. A secondary feedback 
loop involves CLK:BMAL1 driving expression of Rev-erbα and Rorα, the protein 
products of which in turn regulate the expression of Bmal1, both negatively 
(REV-ERBα) and positively (RORα). 
Light signals are transmitted into the central clock through the eye, and 
acutely induce gene expression of per1-2, among others, to reset the clock.  
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Figure 1-4. Fall migration of monarch butterflies and time-compensated sun 
compass 
(A). Each fall, North/Northeastern America monarch butterflies fly 
thousands of miles to their overwintering sites in a restricted area in central 
Mexico.  
(B). Monarch butterflies use a sun compass for navigation during their fall 
migration. To maintain a southward flight direction, monarch migrants need to 
compensate the continuously changing position of the sun by time information 
provided by circadian clock (upper panel). With a disrupted clock, monarch 
migrants can no longer maintain the southward direction and exhibit phototaxis 
(toward the sun) (lower panel). Figure modified from Reppert, 2007. 
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CHAPTER II: MATERIALS AND METHODS 
A. Cloning and sequence analysis 
cDNA fragments were cloned by either primer-specific or degenerate 
polymerase chain reaction (PCR). cDNA templates for PCR were prepared from 
RNA purified from the brains of the worker bumblebee Bombus impatiens, 
Chinese oak silkmoth Antheraea Pernyi and  monarch butterfly Danaus plexippus; 
the bodies of the red flour beetle Tribolium. castaneum; the heads of the fly 
Drosophila melanogaster, mosquito Anopheles gambiae, and worker honeybee 
Apis. mellifera. The ends of the coding regions were obtained by rapid 
amplification of cDNA ends (RACE, Marathon cDNA Amplification Kit). Complete 
open reading frames were obtained by Pfu Turbo (Stratagene, La Jolla, CA) PCR 
from cDNA. Clones were sequenced at core facilities at University of 
Massachusetts Medical School and the University of California, Irvine. 
Sequences were analyzed with MacVector (Accelrys) and the National Center for 
Biotechnology Information website (http://www.ncbi.nlm.nih.gov/BLAST/). 
GenBank accession numbers for the full-length coding regions are: dpCLK, 
AY364477; dpCYC, AY364478; dpCRY2, DQ184682; agCRY1, DQ219482; 
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agCRY2, DQ219483; apCRY1, AAK11644; apCRY2, EF117813; tcCRY2, 
EF117815; amCRY2, EF117814; biCRY2, EF110521. 
B. Real-time PCR 
Total RNA was extracted using Trizol (Invitrogen). For head RNA extraction, 
an additional charcoal purification step was added before isopropanol 
precipitation to remove eye pigments and other factors that interfere with reverse 
transcription. The quantifications of clock gene expression were done using 
realtime quantitative PCR by TaqMan probes with an ABI Prism 7000 SDS 
(Applied Biosystems). Total RNA was treated with RQ1 DNase (Promega), and 
random hexamers were used (Promega) to prime reverse transcription with 
Superscript II (Invitrogen), all according to manufacturers’ instructions. PCR 
reactions were assembled by combining two master mixes. The first mix 
contained approximately 1 µg of cDNA template and 13 µl Platinum Quantitative 
PCR SuperMix-UDG w/ROX (Invitrogen) per reaction and was aliquoted into a 
PCR plate. The second mix contained forward and reverse primers (0.9 µM final 
concentration of each), probe (0.25 µM final concentration) and the water needed 
to bring each reaction to a final volume of 25 µl, and was subsequently aliquoted 
into the PCR plate. The monarch per and control rp49 primers and probes were 
identical to those reported previously (Froy et al., 2003). The other primers and 
probes were as follows (F, forward primer; R, reverse primer; P, probe; all 5’-3’): 
monarch timF, CCAAACAGAGGACCAACAACAA; timR, 
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CCTCGTTTGACGATCTTCTTTCTC; timP, FAM-
TCGCGCTGGCGTAACGCTTCA-TAMRA; monarch cry1F, 
AAGATGGTGGGCTACAATCGT; cry1R, CCTGAACTGCTGGTCCAAATC; 
cry1P, FAM-TGCGATACCTGCTGGAGGCGCT-TAMRA; monarch cry2F, 
CTGGAGCGACATTTGGAGAGA; cry2R, CAAGAGTGATTCTGGCGTCATCT; c 
ry2P, FAM-AGGCTTGGGTCGCTTCGTTCGG-TAMRA. All primers and 
FAMTAMRA labeled probes were purchased from Integrated DNA Technologies 
(Coralville). The efficiency of the amplification and detection by all primer and 
probe sets were validated by determining the slope of Ct versus dilution plot on a 
3 × 104 dilution series. Individual reactions were used to quantify each RNA level 
in a given cDNA sample, and the average Ct from duplicated reactions within the 
same run was used for quantification. The data for each gene were normalized to 
rp49 as an internal control and normalized to the average of all time points within 
a set for statistics. 
C. Plasmids 
S2 cell expression constructs were generated by subcloning dpClk, dpCyc, 
dpPer, dpTim, insect Cry1 and Cry2, β-galactosidase or fragments thereof into 
the pAc5.1/V5-HisA vector (Invitrogen). To generate dpPer4Ep luciferase 
reporter construct, the hsp70 promoter (from XhoI to NcoI) from the dper 4E-box 
construct provided by Steve Kay (Darlington et al., 1998) was first subcloned into 
pGL3-Basic vector to generate an hs-luc construct. Overlaping PCR primers 
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were used to generate fragments containing 4 tandem repeats of the dpPerEp (p 
stands for proximal) enhancer (GCCGCTCACGTGTCATTA) and appropriate 
restriction sites (5' Kpn1 and 3' Mlu1). The PCR products were then subcloned 
upstream of the hs-luc to generate the dpPer4Ep-hs-luc luciferase reporter 
construct which was used in both S2 cells and DpN1 cells for luciferase reporter 
assays.  
DpN1 cell expression constructs were generated by subcloning dpClk, 
dpCyc, dpPer, dpTim, dpCry1, dpCry2, and β-galactosidase or fragments thereof 
into the the pBA vector or the pIB5.1 vector. The high-efficiency vector, pBA, was 
derived from pIE/153A (V4t) vector (Cytostore), where the IE1 activator gene was 
removed by PCR. pBA-FLAG was generated by cloning the FLAG tag into the 
NotI site of the multiple cloning site of the vector. DpN1 expression plasmids that 
were used in luciferase reporter assays were generated by subcloning dpPer, 
dpTim, dpCry1, and dpCry2 into pBA-FLAG, and dpClk, dpCyc, and β-
galactosidase into pBA. The pIB5.1 vector was modified from the pIB/V5-His 
(Invitrogen) so that it contains the same multiple cloning site as that of 
pAc5.1/V5-His A (Chang et al., 2003).  
D. Insect cell culture, transfections, and light treatment 
S2 cells were cultured in either Schneider’s insect medium (Gibco 11720) or 
HyClone SFX-Insect medium (SH30278.02), both of which were supplemented 
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with 10% heat inactivated fetal bovine serum (Gibco 26140–079). The cells were 
maintained at 25°C or lower in 25cm2 flasks (number) and split every 3 days.   
DpN1 cells were cultured in Grace’s insect medium (Gibco 11605–094) 
supplemented with 10% heat inactivated fetal bovine serum (Gibco 26140–079). 
The cells were maintained at 28°C in 25cm2 plug seal flasks (Corning 430168) 
and split every 3-4 days.  
Cellfectin (Invitrogen) was used for DNA or double-stranded RNA (dsRNA) 
transient transfections in both S2 cells and DpN1 cells. Cells were seeded one 
day before transfection to allow the culture to reach 60-80% (S2) or 50% (DpN1) 
confluence right before transfection. For a one-well transfection using a 12-well 
plate, DNA were mixed with 40µl serum-free medium (Schneider’s for S2, 
Grace’s for DpN1), and then combined with 6µl cellfectin premixed in the same 
amount of serum-free medium. The DNA/cellfectin mixture was allowed to sit in 
room temperature for 15 min before it was added to the cells with 300µl of fresh 
serum-free medium. After 3-5 hours of incubation, the cells were fed with fresh 
medium with serum to replace the DNA/cellfectin/medium mixture. Cells were 
harvested 48 hours after transfection for subsequent experiments. 
For light treament, transfected S2 cells were wrapped in saran wrap and 
placed in a well-lit Percival incubator with white fluorescent lamps above and 
under for 6 hours at 25°C before the cells were collected and processed. The 
resulting illuminance, as measured by light meter, is 0.2~0.3mW/cm2. Dark 
controls were otherwise treated the same except that the plates were wrapped in 
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aluminum foil. DpN1 cells were treated similar at 28°C under various light 
conditions and collected at different time points according experiments. 
E. Luciferase reporter transcription assays 
For transcription assays in S2 cells, 5ng of dpClk and dpCyc each were co-
transfected with 10ng of dpPer4Ep-hs-luc as reporter and 20ng of βgal-
pAc5.1/V5-HisA (βgal-V5) as internal control. Various amount (1-200ng) of Per, 
Tim, Cry1, Cry2, or other plasmids were added to test their ability to repress the 
dpCLK:dpCYC dependent transcription. For each assay, a control transfection 
including only the reporter and the internal control was used to establish baseline 
reporter activity. In some assays, dClk (1ng) or mammalian Clk and Bmal1 were 
used to replace dpClk and dpCyc. The total amount of DNA was normalized 
using empty pAc5.1/V5-His A vector. All transfections for transcription assays 
were done in triplicate. 48 hours after transfection, cells were harvested 
(3000rpm 5min), washed (PBS, 3000rpm 2min), and lysed in 100µl 1×Reproter 
Lysis buffer (Promega, number). Cell extracts were assayed for luciferase and β-
galactosidase activity using Promega and Galacto-Light Plus assay kit (Tropix) 
Luminoskan luminometer (Labsystems). Average ratios of luciferase activity to β-
galactosidase activity were calculated, with the average of the control 
transfections adjusted to 1. 
For DpN1 transcription assays, 50 ng of dpPer4Ep-Luc and pBA-β-
galactosidase each were used as luciferase reporter and as normalization control, 
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respectively. The cells were co-transfected with 50 ng/well of pBA-clk, pBA-cyc, 
and varying amounts of pBA-FLAG–per, –tim, –cry1, and –cry2.  
F. Gene Knockdown in DpN1 cells using RNAi 
For RNA interference (RNAi) experiments in DpN1 cells, dsRNAs were 
synthesized using the Megascript T7 transcription kit (Ambion) from PCR 
templates between 500–900 bp. Primers to generate PCR templates contain a 
T7 promoter at their 59 ends, and the amplified regions correspond to cDNA 
locations in base pairs as: GFP (94–658), per (445-1374), tim (423–1,356), cry1 
(787–1,520), and cry2 (311–924). Synthesized RNA were denatured at 95°C for 
5 min and annealed in annealing buffer (100mM KAc, 30mM HEPES, 2mM MgAc, 
PH7.5). High dose of dsRNA (10-20µg) and Cellfectin (10µl) were used to 
maximize the transfection efficiency. 
G. Antibody production 
We generated antibodies against monarch PER, TIM, CRY1, CRY2, CLK, 
and CYC. Purified proteins containing the C-terminal 197 amino acids of dpPER, 
or amino acids 251-450 of dpTIM were used as immunogens in rats and guinea 
pigs. For dpCRY2, purified proteins containing the N-terminal 218 residues, the 
C-terminal 209 residues, or the full-length protein were used. dpCLK aa 150-212, 
aa 342-472, aa 513-602(end). dpCYC aa 1-84, aa 270-353, aa 476-595. The 
coding sequence of above antigens were subcloned into either pET23b (PER 
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and CRY1) or pGEX4T-1(TIM, CRY2, CLK and CYC). The antigens were 
overexpressed in E.Coli (BL21) by IPTG induction (0.5mM 20°C overnight).  
E.Coli were collected and lysed in PBS with Protease inhibitor cocktail (Roche) 
by sonication. The antigens were purified using either Ni-NTA beads (Qiagen) or 
GST-Sepharose beads (GE Healthcare Life Sciences) following manufacture’s 
protocols. The purified antigens were injected into animals by commercial 
services from COCALICO Biologicals, INC. The resulting antisera were tested for 
reactivity and specificity by Western blots using exogenous expressed tagged 
proteins in S2 cells and RNAi knockdown of specific proteins in DpN1 cells. 
Selected antisera were purified using antigen coupled HiTrap NHS-activated 
columns (1ml, GE Health Care Life Sciences) following manufacturer’s protocol. 
Both affinity-purified and unpurified sera were used in Western blot, 
immunoprecipitation, and immunocytochemistry experiments. Affinity purified 
antibodies designed as follows: PER-GP40 (“GP” indicates raised in guinea pigs) 
for the antibody against PER; TIM-GP47 for TIM; CRY1-GP37; CRY2-GP51 and 
CRY2-R41 (“R” indicates raised in rats); CLK-GP65; CLK-R48; CYC-GP67; 
CYC-GP72.  
H. Western blots 
Protein concentration was measured using Coomassie Plus Protein Assay 
Reagent (Pierce) and adjusted accordingly. Protein extracts were mixed with one 
volume of 2×SDS-PAGE loading buffer and heated for 5 min at 95°C. Proteins 
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were then separated by SDS-PAGE and tranfered onto a nitrocellulose 
membrane using a semidry transfer cell (Bio-Rad, 30min at 23V). The membrane 
was then processed with blocking buffer (5% milk in Tris-buffered saline 
containing 0.03% Tween 20 [TBST], 1 hour, RT), primary antibody (diluted in 
blocking buffer, 4°C overnight), 5×10min TBST wash, secondary antibody (HRP-
conjugated, 1 hour, RT), and another 5×10min TBST wash. Immunostaining was 
visualized using Kodak X-OMAT 200A processor and films. The intensity of the 
bands was analyzed using Fujifilm Intelligent Darkbox II.  
I. Immunoprecipitation 
S2 cells and DpN1 cells were homogenized in one of the two extraction 
buffers (1. 20 mM HEPES, pH 7.9, 5% Glycerol, 100 mM KCl, 0.1% Triton X100, 
1X Complete Protease inhibitor cocktail [Roche]; 2. 20mM HEPES, pH7.5, 
100mM NaCl, 5% glycerol, 1mM EDTA, 0.05% Triton X100, 1mMDTT, 1mM 
PMSF, Ptorease inhibitor cocktail [Roche]). Monarch brains were dissected from 
animals frozen at specific time points indicated by experiments. The 
photoreceptor layers of the eyes were removed, and the brains were then 
homogenized in the same extraction buffer. Insoluble cell debris were removed 
by centrifugation. Protein G sepharose beads (GE Healthcare Life Sciences) 
were prepared for immunoprecipitation by washing three times in the extraction 
buffer. The beads were then incubated with appropriate antibodies and protein 
extracts overnight at 4°C on a rotator. Normal immunoglobulin G (IgG) (Santa 
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Cruz Biotechnology) was used as control. The beads were washed three times 
with extraction buffer at 4 °C and then mixed with 2×SDS-PAGE loading buffer. 
The bounded proteins were analyzed by Western blot using appropriate 
antibodies. 
J. Immunocytochemistry 
Brain-suboesophageal ganglion complexes were dissected from CO2 
anesthetized adult monarchs and processed immediately for 
immunocytochemistry as described earlier (Sauman and Reppert, 1996). For 
examining nuclear localization of CRY2, the sections were counterstained with 
specific fluorescent DNA probes (DAPI, 1 μg/ml, 10 min at room temperature; 
Propidium iodide, 0.5 μg/ml, 10 min at room temperature; or YOYO-1 [Molecular 
Probes] 0.1 μM, 10 min at room temperature, respectively). Stained and mounted 
sections were examined using a Zeiss Axioplan 2 microscope equipped with 
Nomarski (DIC) optics, epifluorescence, and a CCD camera. 
The following primary antibodies and their corresponding dilutions were used: 
TIM-R38 (1:500); TIM-GP47 (1:1,000); rabbit anti-CORAZONIN (from Makio 
Takeda, 1:1,000); CRY1-R31 (1:500); CRY1-GP37 (1:500); CRY2-R42 (1:200); 
CRY2-GP50 (1:200); and CRY2-GP51 (1:500). To visualize the primary antibody 
binding, the following secondary antibodies were used: horseradish peroxidase-
conjugated goat anti-rat (1:1,000); horseradish peroxidase-conjugated goat anti-
guinea pig (1:1,000, both from Jackson ImmunoResearch Laboratories); Alexa 
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Fluor488-conjugated goat anti-rat (1:200); Alexa Fluor555-conjugated goat anti-
rat (1:400); Alexa Fluor488-conjugated goat anti-guinea pig (1:200); Alexa 
Fluor555-conjugated goat anti-guinea pig (1:400), Alexa Fluor488-conjugated 
goat anti-rabbit (1:200); Alexa Fluor488-conjugated goat anti-mouse (1:200); 
Alexa Fluor555-conjugated goat anti-mouse (1:400, all from Molecular Probes). 
To verify the specificity of immunological reactions, primary antibodies were 
replaced with normal goat serum. In an additional control of binding specificity, 
the anti-CORAZONIN antibody was pre-incubated with 100 molar excess of the 
original antigen prior to immunocytochemical staining. In all cases, no significant 
staining above background was observed. 
For scoring of immunoreactive intensities, stained sections were coded and 
viewed under a microscope. Levels of staining were subjectively scored with an 
intensity scale from 0-5. The time of collection was decoded after scoring. 
For immunocytochemistry in DpN1 cells, cells were seeded on cover slips 
and entrained in LD at 28 °C for 2 d. The cells were washed in PBS and fixed in 
4% para-formydehyde for 30 min RT at the times indicated. The cover slips were 
then processed in blocking buffer (10% goat normal serum [Jackson Lab] and 
0.2% Triton X100 in PBS, 1hr RT), primary antibody (diluted in 1/5 diluted 
blocking buffer, 1 hr RT), 3×PBS wash, Alexa594 conjugated secondary antibody 
(Invitrogen, diluted in 1/5 diluted blocking buffer, 1hr RT), 3×PBS wash, Sytox 
Blue (1:1000 diluted in PBS, 5min RT), 3×PBS wash.  The cellular localizations 
of target proteins were observed and counted with a fluorescent microscope. 
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K. In situ hybridization 
For monarch cry2, the methods were similar to those above for 
immunocytochemistry except that after fixation in paraformaldehyde, the tissue 
was embedded in paraplast and sectioned (10 μm). In situ hybridization was 
carried out using the mRNA locator kit (Ambion). The riboprobes were localized 
by incubation with an alkaline phosphatase-conjugated anti-digoxigenin antibody 
(Boehringer and Mannheim; 1:500 dilution overnight at 4 °C), and visualized with 
BCIP and NBT (Perkin Elmer). DIG-labeled sense RNA probes were used in 
control experiments. In all cases, sense probes produced no signal. 
L. Drosophila studies 
For generating UAS-cry1 transgenic lines, the 1,605-bp monarch cry1 ORF 
was amplified from cDNA. To generate the untagged construct, the cry1 product 
was cloned into the pUAST vector (Brand and Perrimon, 1993). We created an 
N-terminal, myc-tagged monarch cry1 construct by cloning the cry1 PCR product 
into a myc-pUAST vector; the myc-pUAST vector was generated by cloning a 
BamHI-myc-BglII fragment, created using two oligos followed by primer extention, 
into the BglII site of pUAST. All constructs were sequenced. Both cry1 constructs 
were injected into y w; Ki pp [ry+Δ2-3]/+ embryos. 
For generating UAS-cry2 transgenic lines, the 2,229-bp monarch cry2 ORF 
was amplified from cDNA. To generate the untagged construct, the cry2 product 
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was cloned into the pUAST vector. To generate the N-terminal, myc-tagged cry2 
construct, the cry2 cDNA was cloned into the myc-pUAST vector. All clones were 
sequenced. Both cry2 constructs were injected into w1118 embryos by Genetic 
Services. During balancing, the w1118 X chromosome was replaced with the y w 
containing chromosome. Flies were reared and experiments were conducted at 
25°C. 
For monarch transgene expression in cryb flies, the driver line was tim-
GAL4/CyO (Emery et al., 1998). The following lines were used: cryb (y w; tim-
GAL4/t; cryb), y w (y w), 1a (y w, UAS-cry1#1a/Y; tim-GAL4/t; cryb and y w, UAS-
cry1#1a/y w; tim-GAL4/t; cryb), 6b (y w; UAS-myc-cry1#6b/ tim-GAL4; cryb), 15b 
(y w; UAS-myc-cry1#15b/ tim-GAL4; cryb), 22b (y w; UAS-myc-cry1#22b/ tim-
GAL4; cryb), 19a (y w; UAS-cry2#19a/ tim-GAL4; cryb), 18b (y w; UAS-myc-
cry2#18b/ tim-GAL4; cryb), and 125a (y w; UAS-myc-cry2#125a/ tim-GAL4; cryb). 
For light pulse/phase shift experiments, 16 males per genotype per light 
pulse were entrained in 12:12 LD for three full days in 120-220 lux before 
receiving a 1-h light pulse at 1,000-1,400 lux (for CRY1 experiments) or 1,200-
1,600 lux (for CRY2 experiments) at ZT 15 or ZT 21. [This small difference in 
light intensities between these two experiments was unfortunately unavoidable; 
we were unable to use the same incubator for both experiments, and there are 
enormous technical challenges in producing equivalent lux readings between 
incubators. Both of these experiments were performed at saturating light 
intensities and, thus, this difference should not affect the results.] A “no-pulse” 
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control group was also included. Flies were then placed in DD for 6 d. Data were 
collected using the TriKinetics Drosophila Activity Monitor (DAM) system. To 
identify and exclude arrhythmic flies, 5 d of activity in DD were analyzed starting 
12 h after the last “lights off” using the Fly Activity Analysis Suite (FaasX) 
CYCLE_P software (Michel Boudinot; michel.boudinot@iaf.cnrs-gif.fr) under the 
following parameters: no filter for high frequencies, chisquare significance 0.01. 
Matlab with the Signal Processing Toolbox and the FlyToolbox (Levine et al., 
2002b) was used to plot behavior peaks of pulsed versus nonpulsed flies. Phase 
shifts were determined for each genotype by taking the average delay or 
advance of the three peaks of activity after the light pulse. The first peak of 
activity directly after the light pulse was not included in the average. 
For Western blot samples, eight males and eight females per sample were 
entrained in 12:12 LD for at least two full days before collecting on dry ice. 
Frozen fly heads were collected into Eppendorf tubes and homogenized in 30 μl 
lysis buffer [150 mM NaCl, 50 mM Tris-Cl, pH 7.4, 0.5% NP40, 100 mM NaF, 
Complete Protease Inhibitor Tablet (Roche)] with Kontes pestles. After 
centrifugation, 25 μl of the homogenate was transferred to fresh tubes. Protein 
concentrations were normalized by Coomassie Reagent (Pierce), and either 5 or 
10 μg of protein was loaded per lane (depending on well size). Tubulin and 
dTIM/dpCRY2 were separated on the same gel and the filter cut at 75kDa. 
Primary antibodies were rat anti-dTIM (1:5,000) (Stanewsky et al., 1998), and 
monoclonal mouse anti-Alpha Tubulin (Sigma) (1:8,000 or 1:16,000). Secondary 
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antibodies (Santa Cruz) were goat anti-rat IgG HRP conjugated, goat anti-guinea 
pig IgG HRP conjugated, and goat anti-mouse IgG2a HRP conjugated. Films and 
chemiluminescent blots were imaged with the FUJIFILM LAS-1000, and bands 
were quantified using the ImageGauge V4.22 software.
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CHAPTER III: TWO CRYPTOCHROMES DEFINE INSECT 
CIRCADIAN CLOCKS 
This chapter is reprinted from two published articles, one in Dec 6, 2005 
issue of Current Biology (Zhu et al., 2005), and one in April, 2007 issue of 
Molecular Biology and Evolution (Yuan et al., 2007).  
For the first paper, Adriana D. Briscoe discovered the existence of two cry 
genes in mosquito (Anopheles gambiae). Haisun Zhu cloned monarch butterfly 
(Danaus plexippus) cry2 gene and performed phylogenetic analysis of insect cry 
genes (Figure 3-1). Amy Casselman cloned mosquito cry1 and cry2 genes. Oren 
Froy constructed dpPer4Ep reporter and cloned monarch clock and cycle. I 
performed the light degradation assays and the luciferase reporter assays in S2 
cells (Figure 3-2). Steven Reppert contributed to experimental design and wrote 
the body of work. 
For the second paper, Danielle Metterville cloned the cry genes from beetle 
(Tribolium castaneum), honeybee (Apis mellifera), and bumblebee (Bombus 
impatiens). Adriana D. Briscoe performed the phylogenetic analysis (Figure 3-6) 
and wrote part of the manuscript. Steven Reppert contributed to the experiment 
design and wrote most of manuscript (Figure 3-7). I performed all the functional 
analysis (Figure 3-3, Figure 3-4, Figure 3-5). 
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A. The two CRYs of the butterfly 
1. Abstract 
 Sequence analysis of a monarch brain EST library led to the identification of 
two distinct cry genes, a Drosophila-like dpcry1, and a vertebrate-like dpcry2. 
The cry2 gene was then found in all the non-drosophilid insects examined so far. 
Functional studies of monarch and mosquito (Anopheles gambiae) cry genes in 
Drosophila S2 cells show that both dpCRY1 and agCRY1 are photosensitive, 
whereas both CRY2s are light-insensitive and functions to potently inhibit clock-
relevant dpCLOCK:dpCYCLE-mediated transcription. 
2. Results and discussion  
As part of research on navigational clock mechanisms in the monarch 
butterfly, a brain EST library was made for the species. Sequence analysis of 
21,212 clones revealed two distinct cry cDNA fragments. The predicted protein 
encoded by one cDNA fragment matched a Drosophila-like CRY cloned 
previously from monarch brain (Sauman et al., 2005), designated dpCRY1. 
Phylogenetic analysis showed that the other cDNA encoded a predicted CRY-like 
protein, designated dpCRY2, that aligned more closely with mammalian CRYs 
than with dpCRY1 (Figure 3-1). To analyze the functions of the two monarch 
butterfly CRYs, we expressed the full-length coding region of each in Drosophila 
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Schneider 2 (S2) cells to assay for photosensitive and transcriptional activities. 
As dCRY undergoes a light-dependent reduction in protein levels in S2 cells 
because of proteasome-mediated degradation (Lin et al., 2001), we assessed the 
ability of a 6 hour light pulse to promote dpCRY1 and dpCRY2 degradation, and 
compared the responses to those of dCRY (the positive control) and mCRY1 (the 
negative control). The levels of dCRY and dpCRY1 decreased substantially (95% 
and 53%, respectively) after the 6 hour light exposure, while mCRY1 and 
dpCRY2 levels were unaltered (Figure 3-2A). So in S2 cells dpCRY1, like dCRY, 
is degraded in response to light, while dpCRY2 and mCRY1 are not.  
To assess transcriptional activity, we used a luciferase reporter construct 
with an E-box enhancer from the monarch period (per) gene promoter; the 
butterfly per gene is under circadian control in vivo, likely through transcription 
via the enhancer element (Froy et al., 2003). Cotransfection of the reporter with 
monarch CLOCK and CYCLE, two clock-relevant transcription factors 
(Stanewsky, 2003), elicited a 26-fold increase in transcriptional activity (Figure 3-
2B). Transcription was not inhibited by co-transfection of dpCRY1 or dCRY, but it 
was abolished by co-transfection with dpCRY2, an inhibition similar to that 
elicited by mCRY1 (Figure 3-2B). So in S2 cells dpCRY2, like mCRY1, can act 
as a potent transcriptional repressor, while dpCRY1 and dCRY (Ceriani et al., 
1999) cannot.  
The occurrence of two cry genes is not unique to the monarch butterfly. 
Rather, they provide a window into a more global view of CRY evolution in 
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insects: analysis of other insect genomic and EST databases has revealed two 
distinct cry genes in the genomes of the Chinese oak silkmoth (Antheraea pernyi), 
the commercial silkworm (Bombyx mori) and the mosquito (Anopheles gambiae); 
only the mammalian-like cry has been identified so far in the genomes of the 
honeybee (Apis mellifera) and the red flour beetle (Tribolium castaneum) (Figure 
3-1). Importantly, the mosquito proteins agCRY1 and agCRY2 also have distinct 
functions in S2 cells, identical to those of the monarch butterfly CRYs (Figure 3-
2A, C). These findings extend the distinct functions of insect CRY1 and CRY2 to 
two orders, Lepidoptera and Diptera.  
In contrast to the other insects examined, only the previously characterized, 
photoreceptive dCRY is found in the annotated Drosophila genome. Studies 
have shown that dCRY is involved in circadian clock function in peripheral 
tissues through a photoreceptor-independent mechanism (Ivanchenko et al., 
2001; Krishnan et al., 2001; Levine et al., 2002a), so it is conceivable that dCRY 
has transcriptional acitvity in peripheral clocks. The only bona fide function of 
dCRY in the central clock, however, is as a blue-light photoreceptor (Emery et al., 
2000b; Stanewsky, 2003).  
In the butterfly and mosquito, CRY1 and CRY2 are functionally distinct: the 
CRY1s are closer in sequence to dCRY and are photosensitive, while the CRY2s 
are closer in sequence to mCRY1 and mCRY2 and are repressors of E-box-
mediated transcription. In Drosophila, PERIOD is the major transcriptional 
repressor in the circadian clock (Stanewsky, 2003), while in several other insects, 
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including the monarch butterfly (Sauman et al., 2005), PERIOD is not detected in 
the nucleus, suggesting that another clock protein may fulfill this function (Rosato 
et al., 2001). Therefore, it is significant that CRY2 exists in other insects and can 
potently repress transcription in cell culture, as it may be a major transcriptional 
repressor for the central clockwork of some nondrosophilid insects, acting like 
CRY in mammals (Reppert and Weaver, 2002). From an evolutionary vantage 
point, the transcriptionally active insect CRY2s share a common ancestor with 
the two mammalian CRYs (Figure 3-1 and Figure 3-S1). 
B. Insect cryptochromes: gene duplication and loss define 
diverse ways to construct insect circadian clocks 
1. Abstract 
Cryptochrome (CRY) proteins are components of the central circadian 
clockwork of metazoans. Phylogenetic analyses show at least 2 rounds of gene 
duplication at the base of the metazoan radiation, as well as several losses, gave 
rise to two cryptochrome (cry) gene families in insects, a Drosophila-like cry1 
gene family and a vertebrate-like cry2 family. Previous studies have shown that 
insect CRY1 is photosensitive, whereas photo-insensitive CRY2 functions to 
potently inhibit clock-relevant dpCLOCK:dpCYCLE-mediated transcription. Here, 
we extended the transcriptional repressive function of insect CRY2 to 2 orders—
Hymenoptera (the honeybee Apis mellifera and the bumblebee Bombus 
impatiens) and Coleoptera (the red flour beetle Tribolium castaneum). 
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Importantly, the bee and beetle CRY2 proteins are not light sensitive in culture, in 
either degradation of protein levels or inhibitory transcriptional response, 
suggesting novel light input pathways into their circadian clocks as Apis and 
Tribolium do not have CRY1. By mapping the functional data onto a 
cryptochrome/6-4 photolyase gene tree, we find that the transcriptional 
repressive function of insect CRY2 descended from a light-sensitive photolyase-
like ancestral gene, probably lacking the ability to repress dpCLOCK:dpCYCLE-
mediated transcription. These data provide an evolutionary context for proposing 
novel circadian clock mechanisms in insects. 
2. Introduction 
Organisms from prokaryotes to humans exhibit circadian (circa 24 h) 
rhythms. The rhythms drive daily and seasonal photoperiodic changes 
associated with observed changes in organismal physiology and behavior 
(Reppert and Weaver, 2002). Circadian rhythms are particularly important for 
timing or regulating key biological events in insects (Saunders, 2002). Some 
examples of critical circadian rhythm outputs in holometabolous insects include 
the time of day of egg hatching, the time of day of adult eclosion, the seasonal 
timing of adult development, and time-compensated sun compass navigation. 
At the molecular level, the central circadian clock in Drosophila 
melanogaster, the most well studied of animal clocks, is driven mainly by a 
negative transcriptional feedback loop that involves the products of the period 
(per) and timeless (tim) genes, and the transcription factors Clock (Clk) and cycle 
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(cyc) (Stanewsky, 2003). CLK and CYC heterodimers drive per and tim 
transcription through E-box promoter elements. The resultant PER and TIM 
proteins form dimers that translocate back into the nucleus to repress their own 
transcription via inhibitory effects on CLK and CYC. Drosophila cryptochrome 
(CRY) protein is colocalized in clock cells with PER and TIM and functions as a 
blue-light photoreceptor involved in photic entrainment (Emery et al., 1998; 
Emery et al., 2000b; Stanewsky et al., 1998). CRY inhibits the formation of PER 
and TIM heterodimers by directly interacting with TIM in a light-dependent 
process, and it also participates in its own light-dependent proteasomal 
degradation (Lin et al., 2001). 
Based on studies of the 2 mouse CRY proteins (mCRY1 and mCRY2), the 
mammalian CRYs on the other hand, work within the circadian clockwork itself 
(van der Horst et al., 1999; Vitaterna et al., 1999) as potent repressors of 
CLK:BMAL1 (the mammalian ortholog of CYC)- mediated transcription in a light-
independent manner (Griffin et al., 1999; Kume et al., 1999). The repressive 
function of mammalian CRY proteins on CLK:BMAL1-activated transcription has 
been extended to homologous CRY proteins from other vertebrates, including 
those from zebra fish Danio rerio (zCRY1A, 1B, 2A and 2B) (Kobayashi et al., 
2000), Xenopus laevis (xCRY1 and xCRY2b) (Zhu and Green, 2001), and the 
domestic chicken Gallus gallus (cCRY1 and cCRY2) (Yamamoto et al., 2001). 
A second cry gene was recently discovered in insects, which is present in all 
nondrosophilid species so far examined (Zhu et al., 2005). This second cry 
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encodes a vertebrate-like protein designated insect CRY2. Functional studies in 
Drosophila Schneider 2 (S2) cells show that the insect CRY2 proteins are potent 
transcriptional repressors of dpCLK:dpCYC-mediated transcription, but are not 
light sensitive. In contrast, Drosophila-like CRY, designated CRY1, is light 
sensitive in S2 cells, but does not show transcriptional repressive activity. 
Drosophila expresses CRY1 only, whereas several insects, like mosquitos 
and butterflies, express both CRY1 and CRY2 (Zhu et al., 2005). Surprisingly, 
the honeybee Apis mellifera and the beetle Tribolium castaneum were identified 
through Blast searches of whole genomes to contain only CRY2 (Rubin et al., 
2006; Zhu et al., 2005). This suggests 2 remarkable possibilities. First, the core 
oscillator in insects has itself evolved such that at least 3 kinds of clocks exist, 
those containing only CRY1 as in Drosophila, those containing CRY1 and CRY2 
as in monarch and mosquito, and those containing CRY2 alone as in beetle and 
honeybee. Second, in insects containing only CRY2, the cryptochrome may 
serve dual functions, as both a transcriptional repressor and a photoreceptor. 
Here we contribute functional data for bee and beetle CRY2, as well as for 
silk moth CRY1 and CRY2, and for Drosophila and monarch 6-4 photolyase. We 
then map the ability to repress CLK:CYC(BMAL1)-mediated transcription onto a 
gene tree of cryptochromes and DNA photolyases to examine the evolutionary 
origins of transcriptional repressive activity. Finally, we expand the current model 
of the circadian clockwork in insects to include new models based on the 
observation that some insects have both CRY1 and CRY2, whereas other insects 
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have only CRY2, and based on our findings that all insect CRY2 proteins so far 
examined are light-insensitive transcriptional repressors. 
3. Results 
i. The transcriptional inhibitory activity of insect CRY2 extends to bees 
and beetles 
We expanded our functional analyses of insect cryptochromes by cloning the 
full-length coding regions of CRY2 from species in 2 additional insect orders-
Hymenoptera (which included Apis and the bumblebee, B. impatiens) and 
Coleoptera (which included Tribolium)-increasing our evolutionary survey of 
cryptochrome function in holometabolous insects (Figure 3-3A; Figure 3-S1). As 
previously mentioned, analysis of the completed genomes of Apis and Tribolium 
showed no cry1 homologs, suggesting that the cry1 gene has been lost and that 
only cry2 is present in those species (Rubin et al., 2006; Zhu et al., 2005). We 
also cloned the full-length cDNAs of CRY1 and CRY2 from another lepidopteran, 
the Chinese oak silk moth Antheraea pernyi for inclusion in our functional 
analysis (Figure 3-S1). Collectively, we analyzed CRY protein function in 7 insect 
species, representing 4 insect orders: 2 dipterans, Drosophila and Anopheles; 2 
lepidopterans, the monarch butterfly and silk moth A. pernyi; 2 hymenopterans, 
the honeybee and bumblebee; and the coleopteran Tribolium. For comparison, 
we also analyzed mouse mCRY1 function. To analyze CRY function, we 
expressed the full-length coding region of each in S2 cells to assess 
transcriptional activity and light sensitivity. 
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To evaluate transcriptional activity, we used a luciferase reporter construct 
with an E-box enhancer from the monarch butterfly period (per) gene promoter, 
as the butterfly per gene is under circadian control in vivo, likely through 
transcription via the enhancer element (Froy et al., 2003). Cotransfection of the 
reporter (dpPer4Ep) with monarch CLOCK and CYCLE elicited a large increase 
in transcriptional activity. Transcription was potently inhibited by all 6 of the insect 
CRY2 proteins, similar to that found for mouse mCRY1 (Figure 3-3B; Figure 3-
S2). For Apis and Tribolium, further analysis revealed that transcriptional 
inhibition was dose dependent (Figure 3-4A). In addition, western blot analysis of 
the expressed CRY proteins showed that dpCRY2, amCRY2, and tcCRY2 are 
equally potent transcriptional repressors (Figure 3-4A). Drosophila CRY and the 
other 3 insect CRY1 proteins, including A. pernyi CRY1, did not inhibit 
dpCLK:dpCYC-mediated transcription, similar to what has been previously 
reported (Zhu et al., 2005). 
To assess photosensitivity, we took advantage of the fact that dCRY 
undergoes a light-dependent reduction in protein levels in S2 cells, likely through 
proteasome-mediated degradation (Lin et al., 2001). For each CRY protein, we 
therefore examined the ability of a 6-h light pulse to cause a reduction in CRY 
levels (Froy et al., 2002). Although there was a variation in the degree of the light 
induced decrease, all 4 insect CRY1 proteins exhibited a significant reduction in 
levels with light exposure, compared with nonlight exposed proteins (Figure 3-
3C). As previously shown, mCRY1 was not degraded by light in S2 cells (Zhu et 
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al., 2005). Importantly, amCRY2, biCRY2, and tcCRY2 did not show any light 
sensitivity (Figure 3-3C; Figure 3-S2). Because these insects appear to only 
express CRY2, it was possible that their CRY2 proteins served dual functions—
not only functioning as transcriptional repressors but also serving as light sensors. 
However, we found that this is probably not the case, based on their lack of 
degradation in response to light in S2 cells (Figure 3-3C). 
The possibility of insect CRY2 light sensitivity was further evaluated by 
determining whether light alters the ability of dpCRY2, amCRY2, or tcCRY2 to 
inhibit dpCLK:dpCYC-mediated transcription in S2 cells. Parallel sets of cells 
were transfected with each of the insect CRY2s, with 1 group cultured under 
constant light and the other group under constant darkness. Compared with 
constant darkness exposure, the 48 h of constant light during culture caused a 
modest increase in basal luciferase activity when only the reporter (dpPer4Ep) 
was expressed (Figure 3-4B, first 2 lanes). Even when cultured in constant light, 
each of the 3 insect CRY2 proteins was still able to robustly inhibit 
dpCLK:dpCYC-mediated transcription (Figure 3-4B). The small decrease in 
CRY2-mediated inhibition for both dpCRY2 and amCRY2 could be accounted for 
by the light-induced increase in basal luciferase activity. We therefore conclude 
that light has no significant effect on the ability of the insect CRY2s to inhibit 
dpCLK:dpCYC-mediated transcription in cell culture.  
We also assayed Drosophila and monarch 6-4 photolyases for 
transcriptional repressive function because, phylogenetically, the 6-4 photolyases 
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and nonmammalian vertebrate CRY4 proteins are most closely related to 
mCRY1 and mCRY2 and insect CRY2. The 6-4 photolyases use blue light to 
repair UV induced DNA damage, specifically the pyrimidine–pyrimidone (6-4) 
photoproduct (Pyr[6-4]Pyr) (Sancar, 2003), whereas nonmammalian CRY4 is a 
protein of unknown function found in pineal gland and retina (Kubo et al., 2006). 
Neither Drosophila nor monarch photolyase (epitope tagged or untagged 
proteins) inhibited dpCLK:dpCYC-mediated transcription at expressed levels that 
were greater than those of dpCRY2 that maximally inhibited transcription (Figure 
3-5). Importantly, the V-5 tagged proteins were located primarily in the nucleus 
(90% of cell examined, data not shown), showing that the lack of transcriptional 
inhibition was not due to inaccessibility to transcriptional machinery in the 
nucleus (Figure 3-5). 
ii. Differential gene loss contributes to the evolution of insect 
cryptochromes 
Both NJ (neighbor joining) and ML (maximum likelihood) methods were used 
to reconstruct the gene family tree. For the ML tree reconstruction, hierarchical 
likelihood ratio tests and the Akaike information criterion were used to select the 
best fitting model of nucleotide evolution (Posada and Crandall, 1998). Both 
selected the GTR + Γ + Ι model (general time reversible nucleotide substitution 
model with gamma distribution of rate variation across sites and a proportion of 
invariable sites) as the best fit to the data. Similar trees were recovered with both 
NJ and ML analyses of all sequences with some differences in tree topology. We 
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note, however, that when we removed the shortest sequence from the alignment, 
S. purpuratus cry1, and reran the analysis, the structure of the NJ tree was 
identical to that of the ML tree with respect to the basal nodes (data not shown). 
Our ML tree of cryptochrome/DNA photolyase genes (Figure 3-6) indicated 
that both insect cry1 and cry2 homologues existed at the base of the metazoan 
radiation, and at least 2 gene duplication events occurred leading to the evolution 
of the cry2 cluster. The first gene duplication led to the insect cry1 cluster and a 
second duplication led to the evolution of the vertebrate Cry plus insect cry2 
cluster. The 6-4 photolyase and vertebrate cry4 gene clusters evolved from a 
third duplication. Interestingly, the cry/photolyase gene family phylogeny is 
marked by gene losses in several lineages. Homologues of the vertebrate cry4 
gene cluster, for instance, have not been reported in insects even though this 
cluster arose before the radiation of metazoans. The homolog of insect cry1 
appears to have been lost, probably more than once, in the lineages leading to 
ray-finned fish, tetrapods, Tribolium and Apis. The 6-4 photolyase is missing from 
the Tribolium and Apis genomes. cry2 in Drosophila was lost sometime after the 
split between that lineage and mosquitos, 223–240 MYA (Wiegmann et al., 2003). 
These results show that the 3 combinations of cry gene expression in insects 
(those expressing cry1 and cry2, cry1 only, and cry2 only) are due to differential 
gene loss of cry1 and cry2.  
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iii. CRY repression of CLK:CYC-mediated transcription is a recent 
evolutionary innovation 
We were interested in using this phylogeny to examine the functional 
evolution of DNA photolyase/cryptochrome gene family members’ ability to 
repress CLK:CYC (BMAL1)-mediated transcription. We thus mapped this 
functional character onto the ML tree (Figure 3-6). The resultant character map 
revealed that all members of the vertebrate CRY plus insect CRY2 cluster 
possess this transcriptional repressor activity, with the exception of zCRY3 
(Kobayashi et al., 2000). These results indicate that the ability to repress 
CLK:CYC (BMAL1)-mediated transcription, at least in the context of expression 
in cell culture and in the absence of PER, evolved from a photolyase-like 
ancestral gene that lacked this function (branch leading from Node A to Node B, 
Figure 3-6). These data provide a strong framework for further studies examining 
the functional evolution of transcriptional repressive activity by ancestral state 
reconstruction and expression of key nodes along the cryptochrome/photolyase 
gene tree.  
4. Discussion: novel insect clock models 
The discovery of insect CRY2 and its potent transcriptional inhibitory 
function challenges our Drosophila-centric view of how circadian clocks work in 
different insects. Drosophila, which has the most well-studied circadian system in 
animals, lacks CRY2. Nonetheless, in the fly, CRY1 has more than 1 circadian 
function. The primary role of Drosophila CRY1 is to function as a blue-light 
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photoreceptor that entrains the central clock in lateral neurons in brain (Figure 3-
7, panel 1a) (Emery et al., 2000b). But studies have also shown in peripheral 
tissues that Drosophila CRY1 functions both as a circadian photoreceptor and as 
a core clock component via a photoreceptor-independent mechanism 
(Ivanchenko et al., 2001; Krishnan et al., 2001; Levine et al., 2002a) (Figure 3-7, 
panel 1b). Overexpression of CRY1 and PER in fly eyes represses CLK:CYC-
activated transcription, suggesting that CRY1 can actually function as a 
transcriptional repressor of the circadian oscillator in peripheral clocks (Collins et 
al., 2006). This transcriptional repressive function of Drosophila CRY1 is 
dependent on coexpression of PER and does not occur in the lateral neuron 
clocks driving locomotor behavior. Thus, in flies, based on CRY1 alone, at least 2 
different circadian clock mechanisms occur. 
A novel type of circadian clock that could exist in nondrosophilid insects, 
based on the existence of 2 cry genes, is an ancestral clock in which both CRY1 
and CRY2 are expressed in clock cells of the same species, revealing clock 
mechanisms characteristic of both flies and mice. The circadian clock found in 
the monarch butterfly exemplifies this type of clock mechanism (Figure 3-7, panel 
2). In the butterfly, CRY1 functions primarily as a circadian photoreceptor, 
whereas CRY2 appears to function as a major transcriptional repressor of the 
core clock feedback loop (Zhu H, Yuan Q, Casselman A, Sauman I, Emery P, 
Reppert SM, unpublished data). It is also possible that peripheral clocks exist in 
the butterfly in which only CRY1 is expressed, where the protein could function 
 
79 
 
as a photoreceptor and/or perhaps as parts of a core clock mechanism (as in 
Drosophila), or in which only CRY2 is expressed so those clock cells would 
receive light input through CRY1 independent pathways (e.g., adult stemmata) 
(Briscoe and White, 2005). 
Perhaps the most curious types of insect clock mechanisms are ones in 
which only CRY2 is expressed, as in Apis and Tribolium, in which our functional 
data suggest that the protein could function as a core clock element; in further 
support of this contention in Apis is the finding that cry2 mRNA levels are 
rhythmically expressed over the circadian cycle in bee heads (Rubin et al., 2006). 
In both the bee and beetle, the loss of CRY1 strongly suggests that other modes 
of light input are used to entrain the circadian clock (Figure 3-7, panels 3a and b). 
For Tribolium, light input might act through opsin-based retinal and extraretinal 
photoreceptors (Gilbert, 1994) to synchronize the clock via CRY independent 
TIM degradation, as occurs, in addition to the CRY1-dependent pathway, in 
Drosophila (Helfrich-Forster et al., 2002; Stanewsky et al., 1998). 
The circadian light-sensing situation in Apis is even more interesting as 
analysis of the honeybee genome has not revealed a TIM homolog (Figure 3-7, 
panel 3b) (Rubin et al., 2006). This suggests a completely novel light input 
mechanism to the bee central clock. As bees possess both insect-like and 
vertebrate-like opsins (Velarde et al., 2005), whereas Drosophila possess only 
insect-like opsins, it is possible that bees rely exclusively on an opsin-based 
photoreceptor system (both retinal and extraretinal) to entrain their circadian 
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clocks. Importantly, a novel putative light-sensitive organ was recently discovered 
in the third layer of the optic lamina of bumblebees, the ‘‘lamina organ’’ which 
expresses a UV and potentially other opsins (Spaethe and Briscoe, 2005). The 
lamina organ may thus be a key extraretinal light input channel to the bee 
circadian clock. 
It is possible that insect CRY2 may have a light-sensing function not 
detected by our S2 assay system. And, the central clock function of CRY2 
remains to be determined in vivo. Tribolium, in which knocking down genes with 
RNA interference can be readily accomplished and which has a genetically 
accessible genome (Wang et al., 2007), would seem to be the model organism 
for further clarifying in vivo a clockwork and/or photoreceptive function for insect 
CRY2. 
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Figure 3-1. Insect CRY phylogeny 
Phylogeny of insect CRYs relative to Drosophila CRY, and CRY1 and 
CRY2 from the mouse (Mus musculus). The insect CRY2 clade is highlighted in 
red. Bootstrap values (percent of branching in 100 replicate searches) are 
indicated on the horizontal branches. See Figure 3-7 for a more extensive tree. 
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Figure 3-2. Functional analysis of monarch butterfly and mosquito CRY 
proteins. 
(A) Light suppresses monarch butterfly (dp)CRY1 and mosquito (ag)CRY1 
levels in S2 cells. V5 epitope tagged mCRY1, dCRY, dpCRY1, dpCRY2, 
agCRY1, or agCRY2 was co-expressed with V5 tagged β-galactosidase. After 
either exposure to a 6hour light pulse (open bars) or constant darkness (dark 
bars), cell extracts were collected, western blotted, and probed with anti-V5 
antibody. CRY levels were quantified by densitometry of antibody staining after 
normalization with β-galactosidase. The dark value for each CRY was plotted as 
100%. The results are the mean SEM of three separate transfections. **, p<0.01; 
***, p<0.001. (B) monarch butterfly (dp)CRY2 inhibits CLOCK/CYCLE-activated 
transcription. The monarch per E box luciferase reporter (dpPerEp; 10 ng) was 
used in presence (+) or absence ( ) of dpCLK/dpCYC expression plasmids (5ng 
each). dpCRY1 (1 and 5ng), dpCRY2 (1 and 5ng), dCRY (200ng) or mCRY1 
(200ng) were used. Luciferase activity was computed relative to -galactosidase 
activity. Each value is mean ± SEM of three replicates. (C) Mosquito (ag)CRY2 
inhibits dpCLOCK:dpCYCLE-mediated transcription. The dpPerEp reporter (10 
ng) was tested in presence (+) or absence ( ) of dpCLK/dpCYC expression 
plasmids (5 ng each); agCRY1 (1, 5, and 10 ng) or agCry2 (1, 5 and 10 ng) was 
used. Luciferase activity relative to β-galactosidase activity was computed. Each 
value is mean ± SEM of three replicates.
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Figure 3-3. Functional analyses of CRY1 and CRY2 proteins from 4 insect 
orders, Diptera, Lepidoptera, Coleoptera, and Hymenoptera.  
(A) Cladogram (from left to right) of phylogenetic relationships between 
Drosophila melanogaster, Anopheles gambiae, Danaus plexippus, Antheraea 
pernyi, Tribolium castaneum, and Apis mellifera, redrawn from (Savard et al. 
2006) with Mus musculus as the outgroup. (B) Insect CRY2 proteins inhibit 
CLK/CYC-activated transcription. The monarch per E-box luciferase reporter 
(dpPer4Ep; 10 ng) was used in the presence (lanes 2–12) or absence (lane 1) of 
dpCLK/dpCYC expression plasmids (5 ng each). The dose of the pAc5.1 
expression vector or of each CRY expression construct was 200 ng. Luciferase 
activity was computed relative to β-galactosidase activity. Each value is the mean 
± standard error of the mean of 3 replicates. (C) Light suppresses insect CRY1 
levels in S2 cells. V5 epitope tagged dCRY (100 ng), agCRY1 (30 ng), agCRY2 
(30 ng), dpCRY1 (30 ng), dpCRY2 (50 ng), apCRY1 (100 ng), apCRY2 (100 ng); 
amCRY2 (200 ng), tcCRY2 (50 ng), or mCRY1 (50 ng) was expressed with V5 
tagged ß-galactosidase (20 ng). After either exposure to a 6-h light pulse (open 
bars) or constant darkness (dark bars), cell extracts were collected, western 
blotted, and probed with anti-V5 antibody. CRY levels were quantified by 
densitometry of antibody staining after normalization with ß-galactosidase. The 
dark value was plotted as 100%. The results are the mean ± SEM of 3 separate 
transfections. *P < 0.05; ***P < 0.001. 
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Figure 3-4. Dose-dependent transcriptional responses.  
(A) Dose-dependent transcriptional inhibition of CLK/CYC-activated 
transcription by D. plexippus dpCRY2, A. mellifera amCRY2, and T. castaneum 
tcCRY2. The monarch butterfly per E-box enhancer luciferase reporter 
(dpPer4Ep; 10 ng) was used in the presence (+) or absence (–) of dpCLK/dpCYC 
expression plasmids (5 ng each). dpCRY2 (1, 2, and 10 ng), amCRY2 (10, 20, 
and 100 ng), or tcCRY2 (1, 2, and 10 ng) was used. Luciferase activity was 
computed relative to β-galactosidase activity. Each value is the mean ± SEM of 3 
replicates. Western blot of V5 epitope–tagged CRY2 protein expression levels for 
each concentration is depicted below the graph. (B) Effect of constant light on 
dose-dependent transcriptional inhibition. The monarch butterfly per E-box 
enhancer luciferase reporter (dpPer4Ep; 10 ng) was used in the presence (+) or 
absence (–) of dpCLK/dpCYC expression plasmids (5 ng each). dpCRY2 (2 and 
10 ng), amCRY2 (20 and 100 ng), or tcCRY2 (2 and 10 ng) was used. For each 
construct and dose, cells were cultured for 48 h after transfection in either 
constant darkness (black bars) or constant light (open bars) and then harvested. 
Luciferase activity was computed relative to ß-galactosidase activity and 
normalized such that the value in the presence of dpCLK/dpCYC alone was 
100%. Each value is the mean ± SEM of 3 independent transfections. 
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Figure 3-5. Neither Drosophila d6-4 photolyase nor D. plexippus dp6-4 
photolyase repress dpCLK:dpCYC-mediated transcription.  
The monarch butterfly per E-box enhancer luciferase reporter (dpPer4Ep; 10 
ng) was used in the presence (+) or absence (–) of dpCLK/dpCYC expression 
plasmids (5 ng each). dpCRY2-V5 (1, 2, and 10 ng), dp6-4 photolyase-V5/or 
untagged (1, 2, and 10 ng), or d6-4 photolyase-V5/or untagged (1, 2, and 10 ng) 
was used. Luciferase activity was computed relative to β-galactosidase activity. 
Each value is the mean ± SEM of 3 replicates. Western blot of V5epitope–tagged 
protein expression levels for each concentration is depicted below the graph. 
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Figure 3-6. DNA photolyase/cryptochrome gene family tree.  
Tree shown is the result of a ML analysis using first + second nucleotide 
positions. Bootstrap values shown are based upon 500 ML bootstrap replicates 
determined using the GTR + + I model with estimated gamma shape parameter 
= 0.889 and proportion of invariant sites = 0.1062. GenBank accession numbers 
for sequences are provided in supplementary table 3-S1. Orange squares 
indicate the ability to repress CLK:CYC- or CLK:BMAL1-mediated transcription in 
cell culture. Blue squares indicate proteins, which have been shown to lack this 
ability in cell culture. The branch along which a repressor type (node B) 
cryptochrome evolved from a nonrepressor 6-4 photolyase-like ancestral gene 
(node A) is indicated by a thick black line. The xcry4 sequence shown was 
originally named cry1 by Klein et al,. (Klein et al., 2002). We have renamed it 
here based upon its homology to other vertebrate cryptochrome 4 family 
members and previous use of the cry1 name for a different Xenopus homolog. 
The scale bar indicates an evolutionary distance of 0.2 amino acid substitutions 
per position. 
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Figure 3-7. Insect clockwork models.  
With the existence of 2 functionally distinct CRYs in insects, 3 major types of 
clockwork models can be proposed. Type 1 (the Drosophila form) in which CRY1 
only functions in the central brain clock as a circadian photoreceptor (panel 1a) 
or in peripheral clocks as both a photoreceptor and central clock component 
(panel 1b). Type 2 (the ancestral form apparent in the monarch butterfly) in which 
both CRY1 and CRY2 exist and function differentially within the clockwork. Type 
3 in which only CRY2 exists and functions within the clockwork. In beetles, CRY2 
acts as a transcriptional repressor of the clockwork and light input may be 
mediated through the degradation of TIM (panel 3a). In bees, which lack TIM, 
CRY2 acts as a transcriptional repressor and novel light input pathways (?) are 
used to entrain the clock (panel 3b). 
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Figur 3-S2.  Functional analysis of bumble bee Bombus impatiens biCRY2.   
A. Dose-dependent transcriptional inhibition of CLK/CYC-activated 
transcription by biCRY2.  The monarch butterfly per E box enhancer luciferase 
reporter (dpPer4Ep; 10 ng) was used in the presence (+) or absence (-) of 
dpCLK/dpCYC expression plasmids (5 ng each).  biCRY (1, 2, and 10 ng) was 
also used.  Luciferase activity was computed relative to β-galactosidase activity.  
Each value is the mean + SEM of three replicates. Western blot of V5-epitope-
tagged CRY2 protein expression levels for each concentration is depicted below 
the graph.  
B. Light does not suppress biCRY2 levels in S2 cells.  V5 epitope tagged 
dCRY (100 ng), biCRY2 (30 ng), or mCRY1 (50 ng)  was expressed with V5 
tagged β-galactosidase (20 ng).  After either exposure to a 6 hour light pulse 
(open bars) or constant darkness (dark bars), cell extracts were collected, 
western blotted, and probed with anti-V5 antibody.  CRY levels were quantified 
by densitometry of antibody staining after normalization with β-galactosidase.  
The dark value was plotted as 100%.  The results are the mean + SEM of three 
separate transfections. Each value shown is the mean±S.E. of three replicates. 
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Table 3-S1.  GenBank accession numbers and references for sequences 
assayed in cell culture for repression of CLOCK:CYCLE or CLOCK:BMAL1-
mediated transcriptional activity.  
Species Gene GenBank No. Repression Reference  
Aedes aegypti CRY1 AAGE02006379   Unknown  
Aedes aegypti CRY2 AAGE02021994 Unknown  
Aedes aegypti 6-4 
photolyase 
AAGE2001673 Unknown  
Anopheles gambiae CRY1 DQ219482 No (Zhu et al., 
2005) 
Anopheles gambiae CRY2 DQ219483 Yes (Zhu et al., 
2005) 
Anopheles gambiae 6-4 
photolyase 
AAAB01008944 Unknown  
Antheraea pernyi CRY1 AAK11644 No This study 
Antheraea pernyi CRY2 EF117813 Yes This study 
Apis mellifera CRY2 EF117814 Yes This study 
Arabidopsis 
thaliana 
PHR6-4 
photolyase 
AB017331 No (Chaves et al., 
2006) (COS7) 
Bombus impatiens CRY2 EF110521  This study 
Danaus plexippus CRY1 AY860425 No (Zhu et al., 
2005) 
 
97 
 
Danaus plexippus CRY2 DQ184682 Yes (Zhu et al., 
2005) 
Danaus plexippus 6-4 
photolyase 
EF117813 No This study 
Danio rerio zCry1a AB042248 Yes (Kobayashi et 
al., 2000) 
NIH3T3 cells 
Danio rerio zCry1b AB042249 Yes (Kobayashi et 
al., 2000) 
Danio rerio zCry2a AB042250 Yes (Kobayashi et 
al., 2000) 
Danio rerio zCry2b AB042251 Yes (Kobayashi et 
al., 2000) 
Danio rerio zCry3 AB042252 No (Kobayashi et 
al., 2000) 
Danio rerio zCry4 AB042253 No (Kobayashi et 
al., 2000) 
Danio rerio z6-4phr AB042254 No (Kobayashi et 
al., 2000) 
Drosophila 
melanogaster 
dCRY AF099734 No (Zhu et al., 
2005) 
Drosophila 
melanogaster 
6-4 
photolyase 
D83701 No This study 
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Gallus gallus cCRY1 AY034432 Yes (Yamamoto et 
al., 2001) HEK 
293EBNA 
cells 
Gallus gallus cCRY2 AY034433 Yes (Yamamoto et 
al., 2001) 
Gallus gallus cCRY4 AY300013 No (Kubo et al., 
2006) 
HEK293 cells 
Mus musculus mCRY1 NM_007771  Yes (Kume et al., 
1999) NIH3T3 
cells 
Mus musculus mCRY2 AF156987 Yes (Kume et al., 
1999) 
Strongylocentroutus 
purpuratus 
CRY1a XM_780780 Unknown  
Strongylocentroutus 
purpuratus 
CRY5 XM_783845 Unknown  
Strongylocentroutus 
purpuratus 
CRY1 XM_781238 Unknown  
Tribolium 
castaneum 
CRY2 EF117815 Yes This study 
Xenopus laevis xCRY1 AY049033 Yes  (Zhu and 
Green, 2001) 
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COS-7 
Xenopus laevis xCRY2b AY049035 Yes (Zhu and 
Green, 2001) 
Xenopus laevis xCRY4 BC076838 No (Klein et al., 
2002)* 
Xenopus laevis xphotolyase AB042255 No (Zhu et al., 
2003) COS-7 
*Note:  Klein et al. (Klein et al., 2002) originally named this transcript Cry1.  However, Xenopus 
laevis xCRY1, a distinct gene family member, had been earlier named, and our phylogenetic 
analysis indicated that CRY1 is homologous to the vertebrate CRY4 family. 
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CHAPTER IV: CRYPTOCHROMES DEFINE A NOVEL 
CIRCADIAN CLOCK MECHANISM IN MONARCH 
BETTERFLIES THAT MAY UNDERLIE SUN COMPASS 
NAVIGATION 
This chapter is reprinted form a published article from January 2008 issue of 
PLoS Biology (Zhu et al., 2008). This work represents a collaborative effort 
between the authors: Haisun Zhu, Ivo Sauman, Amy Casselman, Myai Emery-Le, 
Patrick Emery, Steven Reppert, and me. Haisun Zhu analyzed the clock gene 
expression in monarch heads and in DpN1 cells (Figure 4-1), dissected monarch 
brains for immunostaining, performed experiments to examine the role of CRY1 
as a photoreceptor (Figure 4-2), as well as luciferase reporter assays in DpN1 
cells (Figure 4-5A). Ivo Sauman performed all the immunostaing experiments of 
the monarch brain (Figure 4-3, Figure 4-6, Figure 4-7). Amy Casselman made 
monarch cry1 and cry2 transgenic flies and analyzed protein expression (Figure 
4-4C and D). Myai Emery-Le and Patrick Emery contributed to the behavioral 
analysis of these flies (Figure 4-4A and B). Steven Reppert contributed to the 
experiment design and wrote the body of work (Figure 4-8). I contributed to the 
work by identifying a protective protein interaction cascade underlying the CRY1-
dependent light input pathway (Figure 4-5B upper panel). I also provided 
evidence that endogenously expressed CRY2 is the major transcriptional 
 
101 
 
repressor in DpN1 cells (Figure 4-5 C, D, and E). I also generated the monarch 
specific TIM and CRY2 antibodies used in this work. 
A. Abstract 
The circadian clock plays a vital role in monarch butterfly (Danaus plexippus) 
migration by providing the timing component of time-compensated sun compass 
orientation, a process that is important for successful navigation. We therefore 
evaluated the monarch clockwork by focusing on the functions of a Drosophila-
like cryptochrome (cry), designated cry1, and a vertebrate-like cry, designated 
cry2, that are both expressed in the butterfly and by placing these genes in the 
context of other relevant clock genes in vivo. We found that similar temporal 
patterns of clock gene expression and protein levels occur in the heads, as occur 
in DpN1 cells, of a monarch cell line that contains a light driven clock. CRY1 
mediates TIMELESS degradation by light in DpN1 cells, and a light-induced 
TIMELESS decrease occurs in putative clock cells in the pars lateralis (PL) in the 
brain. Moreover, monarch cry1 transgenes partially rescue both biochemical and 
behavioral light-input defects in cryb mutant Drosophila. CRY2 is the major 
transcriptional repressor of dpCLOCK:dpCYCLE-mediated transcription in DpN1 
cells, and endogenous CRY2 potently inhibits transcription without involvement 
of PERIOD. CRY2 is co-localized with clock proteins in the PL, and there it 
translocates to the nucleus at the appropriate time for transcriptional repression. 
We also discovered CRY2-positive neural projections that oscillate in the central 
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complex. The results define a novel, CRY-centric clock mechanism in the 
monarch in which CRY1 likely functions as a blue-light photoreceptor for 
entrainment, whereas CRY2 functions within the clockwork as the transcriptional 
repressor of a negative transcriptional feedback loop. Our data further suggest 
that CRY2 may have a dual role in the monarch butterfly’s brain—as a core clock 
element and as an output that regulates circadian activity in the central complex, 
the likely site of the sun compass. 
B. Introduction 
In insects, circadian clocks regulate the timing of numerous biological events 
(Saunders, 2002). Some examples of critical circadian rhythm outputs in 
holometabolous insects include the time of day of adult eclosion, the seasonal 
timing of reproductive diapause, and time-compensated sun compass navigation.  
The molecular clock mechanism has been the subject of intense 
investigation in Drosophila (Stanewsky, 2003; Williams and Sehgal, 2001), while 
less attention has been directed at the clockwork mechanism in other, 
nondrosophilid insects. In the fruit fly, the central clock is driven primarily by a 
negative transcriptional feedback loop that involves the products of the period 
(per), and timeless (tim) genes, and the transcription factors Clock (Clk) and 
cycle (cyc). CLK and CYC heterodimers drive per and tim transcription through 
E-box enhancer elements. The resultant PER and TIM proteins form 
heterodimers that translocate back into the nucleus to repress their own 
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transcription via inhibitory effects on CLK and CYC. Drosophila 
CRYPTOCHROME (CRY) is co-localized in clock cells with PER and TIM and 
functions as a blue-light photoreceptor involved in photic entrainment (Emery et 
al., 1998; Emery et al., 2000b; Stanewsky et al., 1998). CRY disrupts PER and 
TIM heterodimers by directly interacting with TIM in a light-dependent process 
(Busza et al., 2004; Ceriani et al., 1999; Dissel et al., 2004), and it also 
participates in its own light-dependent degradation (Lin et al., 2001). 
The eastern North American monarch butterfly (Danaus plexippus) is well 
known for its long-distance fall migration (Brower, 1995). We have been 
developing this species as a model to examine the role of the circadian clock in 
time-compensated sun compass orientation and in the seasonal induction of the 
migratory generation (Reppert, 2006). Using clock protein expression patterns, 
we previously identified the location of circadian clock cells in the dorsolateral 
protocerebrum (pars lateralis [PL]) of the butterfly (Sauman et al., 2005), which 
expresses PER, TIM, and a Drosophila-like CRY (designated CRY1; see below). 
We also identified a CRY1-staining neural pathway that may connect the 
circadian (navigational) clock to polarized light input entering brain, which is 
important for sun compass navigation (Hyatt, 1993; Reppert et al., 2004). A 
CRY1 pathway may also connect the circadian clock to neurosecretory cells in 
the pars intercerebralis (PI) for the initiation of the migratory state (Reppert, 2006; 
Sauman et al., 2005). A direct clock to sun compass pathway has also been 
postulated (Reppert, 2006).  
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In the course of our molecular investigations of the circadian clock 
mechanism in monarchs, we have discovered that these butterflies, like all other 
non-drosophilid insects so far examined, express a second cry gene that 
encodes a vertebrate-like protein designated insect CRY2 (Zhu et al., 2005). 
Functional studies in Drosophila Schneider 2 (S2) cells show that monarch CRY2 
is light insensitive, but potently inhibits dpCLOCK:dpCYCLE-mediated 
transcription, whereas monarch CRY1 is light sensitive, but does not show 
transcriptional repressive activity. However, the mechanistic details of CRY2’s 
actual function within a clockwork have not been defined in any insect. 
Further molecular evolutionary studies have shown that gene duplication 
and loss have led to three modes of cry gene expression in insects, giving rise to 
three types of circadian clocks (Yuan et al., 2007): two derived clocks, in which 
only cry1 (e.g., Drosophila) or cry2 (e.g., the honey bee Apis mellifera and red 
flour beetle Tribolium castaneum) is expressed, and an ancestral clock in which 
both cry1 and cry2 are expressed (e.g., the monarch butterfly). The expression of 
two functionally distinct crys in monarchs suggests that the butterfly clock may 
use a novel clockwork mechanism that is not yet fully described in any organism. 
In the studies discussed here, we have therefore used in vivo approaches, a 
monarch cell line that contains a light-driven molecular clock, and Drosophila 
carrying monarch cry1 or cry2 transgenes to elucidate the monarch clockwork 
mechanism and its photic entrainment. Our results define many characteristics of 
a CRY-centric clock in the monarch butterfly with CRY1 functioning potentially as 
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a blue-light photoreceptor for photic entrainment, whereas CRY2 functions, 
without PER, within the clockwork as the major transcriptional repressor of the 
core transcriptional feedback loop. We also present evidence of a CRY2-positive 
neural pathway that oscillates in the central complex, the apparent site of the sun 
compass (Heinze and Homberg, 2007; Vitzthum et al., 2002). CRY2 may thus 
function as both a core clock element and as an output-regulating circadian 
activity in the central complex. 
C. Results 
1. Temporal patterns of clock gene RNA and protein expression in 
monarch heads 
If a negative transcriptional feedback loop underlies the circadian clock in 
monarch butterflies, it should drive the rhythmic expression of per and tim in vivo. 
We thus used quantitative real-time polymerase chain reactions (qPCRs) to 
examine the temporal expression patterns of the clock gene homologs in 
monarch butterfly heads at 3-h intervals in a 12 h light:12 h dark cycle (LD) and 
during the first day in constant darkness (DD). 
monarch per RNA levels exhibited a daily rhythm in LD with peak levels at 
Zeitgeber time (ZT) 18 and low levels at ZT 0-3, and the rhythm persisted in DD 
(p<0.0001, one-way analysis of variance [ANOVA]) (Figure 4-1A), as previously 
described (Froy et al., 2003). We found that a rhythm of similar phase was 
manifested by monarch tim RNA levels in both LD and DD (p<0.0001) (Figure 4-
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1A). We also examined cry1 and cry2 RNA levels; although each RNA profile 
showed a similar trend, neither exhibited a significant daily rhythm (p>0.05) 
(Figure 4-1A). 
monarch-specific antibodies against PER, TIM, CRY1, and CRY2 were used 
to examine the temporal profiles of clock protein abundance in monarch head 
extracts by Western blot analysis. Indeed, PER and TIM showed significant 
temporal oscillations in abundance in LD (p<0.001), with peak levels occurring 
from ZT 18-24/0 (Figure 4-1B). There were also temporal changes in PER 
electrophoretic mobility; the changes in mobility were due to changes in 
phosphorylation, as phosphatase treatment converted >90% of the high-
molecular weight forms of PER to a single, lower-molecular weight band (Figure 
4-S1). The more highly phosphorylated forms of PER were predominant at 3 h 
after lights-on. In DD, the oscillation in PER abundance persisted (p<0.01), while 
the oscillation in TIM abundance was markedly blunted, to the point that there 
was no longer a significant daily rhythm (p>0.05). Thus, the daily TIM abundance 
oscillation in the head is mainly light driven. There was no significant daily 
change in either monarch CRY1 or CRY2 abundance in whole head extracts in 
either LD or DD (p>0.05) (Figure 4-1B). 
2. DpN1 cells: a monarch cell line with a light-driven clock 
We evaluated a monarch butterfly cell line designated DpN1 (Palomares et 
al., 2003), which was originally derived from embryos, for expression of circadian 
clock RNAs and proteins, because such a cell line might be useful for helping us 
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delineate the molecular clock mechanism in the butterfly. In DpN1 cells, we in 
fact found that the RNAs for per, tim, cry1, cry2, Clk, cyc, vrille, Pdp1, slimb, 
doubletime, CKIIα, CKIIβ, and shaggy were all expressed (see Table S1). We 
focused our studies of the temporal dynamics of clock gene expression in DpN1 
cells on per, tim, cry1, and cry2 to parallel our in vivo analyses. 
Remarkably, when studied at 4-h intervals under LD, we found cycling in 
clock gene RNA levels (by qPCR) and clock protein abundance (by Western blot 
analysis). At the level of gene expression, we found that monarch per, tim, and 
cry2 exhibited near-synchronous daily rhythms in RNA levels, with peak levels 
between ZT 16 and 24, and trough levels between ZT 4 and 8 (p<0.001) (Figure 
4-1C). There was no significant daily oscillation in cry1 levels in LD (p>0.05). In 
DD, no clock gene RNA oscillation was apparent on the first day. This lack of a 
circadian oscillation was consistently observed in repeated experiments. 
At the protein level, monarch PER and TIM showed robust temporal 
oscillations in abundance in DpN1 cells in LD, with highest protein levels at the 
end of the dark period (ZT 24/0) (p<0.05 for PER and p<0.001 for TIM; Figure 4-
1D). CRY2 also showed temporal changes in abundance, with highest levels 4 h 
later at ZT 4 (p<0.001; Figure 4-1D). For PER, there was not only a diurnal 
change in protein abundance but also in electrophoretic mobility, as found in 
head extracts (Figure 4-S1). Phosphorylated PER was the dominant form at ZT 4, 
which correlated with the highest level of CRY2 abundance, and the rapidly 
declining per, tim, and cry2 RNA levels. This temporal increase in CRY2 
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abundance in DpN1 cells contrasts with the lack of rhythmicity in CRY2 
abundance over the 24-h day in LD in monarch heads (compare Figure 4-1B with 
1D). The reason for this discrepancy is because CRY2 is more widely expressed 
in the monarch brain than the other clock proteins examined, and CRY2 is not 
under robust circadian control in most areas (see below). The temporal profiles of 
clock gene RNA and protein expression in DpN1 cells are consistent with PER 
and/or CRY2 being involved in negative feedback repression of dpCLK:dpCYC-
mediated transcription in the cell line, which is further explored below. Similar to 
what we found for RNA expression in DpN1 cells, we were unable to identify a 
circadian oscillation of the clock proteins in the cells in DD (Figure 4-1D). 
Although it is unclear why we were not able to detect a functional circadian 
clock in DpN1 cells, the close correlation of clock gene RNA and protein 
expression patterns between DpN1 cells and heads in LD, makes the cell line a 
useful system in which to study the molecular and biochemical details of the 
monarch clock transcriptional feedback loop in LD (focusing on the role of CRY2), 
as well as its intracellular light input pathway (focusing on the role of CRY1). 
3. CRY1 mediates the light-induced decrease in TIM in DpN1 cells 
We first used DpN1 cells to examine whether monarch CRY1 mediates the 
light-induced decrease in TIM abundance, providing a light-resetting pathway into 
the molecular clock. By using RNA interference induced by double-stranded 
RNAs (dsRNAs,) we supply evidence that the light-induced decrease in TIM 
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abundance in DpN1 cells is mediated through CRY1 (Figure 4-2 and Figure 4-
S2). 
Once lights were turned on to initiate the normal light period in LD-cultured 
control cells (those treated with double-stranded RNA [dsRNA] targeting the 
green fluorescent protein [GFP] gene), there was a transient increase in CRY1 
abundance at 15 and 30 min (Figure 4-2A, black line), followed by a rapid 
decrease by 60 min, reaching constant low levels by 120 min; the light-induced 
decrease in CRY1 abundance in LD-cultured cells was unexpected (see below). 
With lights on, there was a rapid decrease in TIM abundance at 15 min, reaching 
constant low levels by 60 min (Figure 4-2B, black lines). Light induced a slower 
decrease in PER abundance starting at 120 min, with a steady decline 
throughout the light period (Figure 4-2C, black line). The light-induced decline in 
CRY2 abundance was even slower and only apparent at 540 min (Figure 4-2D, 
black line). The time course of light-induced protein decrements from TIM to 
CRY2 was similar to that seen after lights on (ZT 12) in LD without dsRNA 
treatment (Figure 4-1D) and is consistent with a series of protective 
protein:protein interactions in which TIM:PER interactions protect PER from 
degradation, whereas PER:CRY2 interactions protect CRY2 from degradation 
(see below). 
A surprising aspect of the control experiment was that the initiation of the 
light period now caused a decrease in CRY1 abundance in cells treated with 
dsRNA targeting GFP, rather than CRY1 levels remaining at constant dark-like 
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levels in the light, as seen in untreated cells cultured under LD (Figure 4-1D). 
This light-induced CRY1 decrease was found to be secondary to a 5-h serum 
starvation of the medium that is necessary for efficient transfection of dsRNA into 
DpN1 cells (unpublished data); serum starvation likely induces the expression of 
a kinase that is important for monarch CRY1’s proteasomal degradation by light 
(see Figure 4-S2). 
Nonetheless, pretreatment of cells maintained in LD with dsRNA targeting 
cry1, which caused a ~60% reduction in CRY1 abundance in darkness just prior 
to (time 0) and throughout light exposure (Figure 4-2A, red line), greatly reduced 
the decrease in TIM abundance in response to light (Figure 4-2B, red lines). 
Pretreatment also greatly reduced the subsequent decreases in PER and CRY2 
abundance (Figure 4-2C and 2D, red lines), compared with controls (cells treated 
with dsRNA targeting GFP). The lack of a complete block of the light-induced 
reduction of TIM appeared to be secondary to the partial CRY1 knockdown (see 
Figure 4-2A). The dsRNA data strongly suggest that CRY1 mediates the light-
induced TIM degradation in DpN1 cells (see also Figure 4-S2). 
Consistent with CRY1-mediating photic entrainment in the butterfly (Song et 
al., 2007), we found that blue light is the spectral component that degrades 
CRY1 and TIM in DpN1 cells and also synchronizes the timing of behavior (the 
adult eclosion rhythm) to the 24-h day (Figure 4-S3). 
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4. TIM localization and light sensitivity in the brain 
Next, we examined the location of light-sensing clock cells in monarch brain 
by immunocytochemistry, using our newly developed monarch-specific anti-TIM 
antibodies. Monarch TIM-like immunoreactivity was detected by the new 
antibodies in the cytoplasm of cells in the PI and PL (Figure 4-3A to 3G and 
unpublished data), as previously described using an anti-TIM antibody against 
Drosophila TIM (Sauman et al., 2005). Each of the monarch-specific antibodies 
gave prominent staining patterns in the cytoplasm (compared with weak staining 
with the Drosophila antibody, see Sauman et al., 2005), with ~25 large cells 
stained in the PI and four cells consistently stained in the PL. In addition, 
approximately eight cells were identified near the lobula region of the optic lobe 
(OL), and approximately eight cells were found in the suboesophageal ganglion 
(SOG). Double-labeling studies showed that the cytoplasmic TIM staining was 
localized in the PL to the four cells that coexpress corazonin (Figure 4-3B and 
3C), a neuropeptide that marks clock cells in the PL of lepidopteran brains 
(Sauman and Hashimi, 1999; Wise et al., 2002), including monarchs, in which 
two of the four cells also stain for PER and CRY1 (Sauman et al., 2005). 
Moreover, direct comparison confirmed that the cytoplasmic staining of CRY1 
and TIM were colocalized in two of the four cells in PL (Figure 4-S4). We were 
unable to determine whether CRY1 and TIM were colocalized in the PI, however, 
because of weak staining for CRY1 in this structure; because there were twice as 
many TIM-positive cells as CRY1-positive cells in PI, only half of those TIM-
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positive cells would be expected to be colocalized with CRY1. The anti-TIM 
antibodies also stained a group of cells in the dorsal region of the OL (Figure 4-
3A and Figure 4-S5) in close vicinity, but not identical to the CRY1-positive group 
of cells previously described there (Sauman et al., 2005). These TIM-positive 
cells projected into the same glomerular structure as the adjacent CRY1-staining 
cells (Figure 4-S5). We did not observe detectable TIM staining in the nuclei of 
any of the cell groups. 
All of the cyptoplasmic staining in TIM-positive cells in the brain appeared to 
be light sensitive in LD. As previously noted, Western blot data showed a large 
light-driven daily oscillation of TIM in heads under LD conditions, with the daily 
oscillation of TIM abundance substantially blunted on placement in DD (Figure 4-
1B). A similar pattern was found for the TIM-positive cells in the brain. In LD, all 
TIM-positive regions exhibited significantly lower levels of TIM staining at ZT 6, 
compared to ZT 15, including all four TIM-positive cells in PL (Figure 4-3H). In 
DD, on the other hand, there was a significant oscillation in PL only (p <0.05), 
with lower staining at circadian time (CT) 9 and higher staining at CT 15 (Figure 
4-3D, 3E, and 3I). In all other areas (PL, OL, and SOG), there was no significant 
difference between CT 9 and CT 15 (p>0.05). When subjected to a 1-h light 
pulse from ZT 14-15 (ZT 15L), a significant light-induced decrease in TIM levels 
was detected in the PL only (p<0.01), affecting all four TIM-positive cells, 
compared with brains kept in the dark (Figure 4-3F, 3G, and J). In all other areas 
(PI, OL, and SOG), there was a clear trend for a decrease in TIM staining with 
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the light pulse (Figure 4-3J), but it did not reach significance (p>0.05). 
Collectively, the data show that there is a good correlation in the different lighting 
schedules between TIM abundance changes in heads detected by Western blots 
and TIM staining patterns in brain regions detected by immunocytochemistry. 
TIM staining in the PL was the area most consistently regulated (by light and in 
DD). 
These data show a complex relationship between CRY1 and TIM 
degradation in the monarch brain. Wherever CRY1 and TIM are colocalized, 
CRY1 likely mediates TIM degradation, based on our studies in DpN1 cells 
(Figure 4-2). In the other TIM-positive areas, either CRY1 is present below the 
level of antibody detection or TIM in those cells is degraded in a CRY1-
independent manner, perhaps by local interactions (as may occur in PL), by 
opsins expressed in brain, and/or by neural pathways from eye and/or stemmata 
to TIM-positive cells. 
We showed previously by immunocytochemistry that CRY1 levels in the PI 
and PL are not altered by light exposure (Sauman et al., 2005). It thus appears 
that the light-induced decrease in TIM in TIM/CRY1 colocalized cells is not 
necessarily accompanied by a measurable decrease in monarch CRY1 
abundance, which has also been shown by Western blot analysis in LD (Figure 
4-1B and 1D) and with short-term light exposure at night both in DpN1 cells and 
in whole-head extracts (Figure 4-S6), as well as in Drosophila (Busza et al., 
2004). It thus appears that light may induce a conformational change in monarch 
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CRY1, leading to TIM degradation, but without necessarily inducing its own 
degradation. 
5. A monarch cry1 transgene partially rescues light-input defects in cryb 
Drosophila 
Because there are no genetic approaches yet available in monarch 
butterflies (Reppert, 2006), we asked whether monarch CRY1 can function as a 
circadian photoreceptor by expressing monarch transgenes in Drosophila. We 
used the GAL4-UAS system, with tim-GAL4 as the driver, which drives transgene 
expression in clock neurons that generate the circadian locomotor activity rhythm 
(Kaneko and Hall, 2000). For these studies, we took advantage of the cryb 
mutation in Drosophila, because it induces severe light-input defects; circadian 
phase does not shift in response to a light pulse, and TIM does not cycle in LD 
(Emery et al., 1998; Emery et al., 2000b; Stanewsky et al., 1998). We attempted 
to rescue these phenotypes by expressing UAS-monarch cry1 or UAS-monarch 
cry2 transgenes in the cryb background. 
We first examined the ability of the monarch cry1 transgene to restore the 
ability of discrete light pulses at night to phaseshift the circadian clock that drives 
locomotor activity in cryb mutant flies. We used two light pulses; a 1-h light pulse 
at ZT 15, which normally causes phase delays, or a 1-h light pulse at ZT 21, 
which normally causes phase advances (Emery et al., 2000b). The light-pulse 
experiments using four independent UAS-cry1 lines showed a partial rescue of 
the cryb phenotype. With a light pulse at ZT 21, the phase advances in the UAS-
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cry1 lines 1a, 15b, and 22b were as robust as the y w control (no significant 
differences), and the phase advance of line 6b was only slightly less than that of 
y w (p<0.05) (Figure 4-4A). With a light pulse at ZT 15, the rescue was still 
evident, but not as robust; all four UAS-cry1 lines had a statistically smaller 
phase change than y w (p<0.001 for each), but they also had a statistically larger 
phase change than the cryb line (p<0.01 for 1a and 6b; p<0.001 for 15b and 22b) 
(Figure 4-4A). When the same phase shift experiment was performed with three 
UAS-cry2 lines - 19a, 18b, and 125a - at both ZT 15 and ZT 21, the phase 
changes were minimal and not significantly different from the cryb line without 
transgene expression (p>0.05) (Figure 4-4B). 
Next, the four UAS-cry1 lines were examined for their ability to rescue the 
light-induced, CRY-dependent TIM oscillations in heads of the cryb background. 
In cryb flies, TIM levels do not cycle in LD. It is known that the light-induced TIM 
oscillation can be rescued by expressing Drosophila CRY under the tim-GAL4 
driver (Emery et al., 2000b). Each of the UAS-Cry1 lines partially rescued TIM 
cycling in fly heads (Figure 4-4C). Note that although TIM does not normally 
degrade in cryb flies, some degree of cycling is occasionally observed, as seen in 
this set of experiments (Figure 4-4C, lanes 1 and 2). When TIM cycling was 
examined in the three UAS-cry2 lines in LD, TIM cycling was not restored, 
indicating that monarch CRY2 cannot rescue this cryb defect (Figure 4-4D). 
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The results of these behavioral (light pulse) and biochemical (TIM 
degradation) experiments strongly suggest that monarch CRY1 can function as a 
circadian photoreceptor in Drosophila, whereas monarch CRY2 cannot. 
6. Monarch CRY2, but not PER, represses dpCLOCK:dpCYCLE-mediated 
transcription in DpN1 cells 
Having provided several lines of evidence suggesting thatCRY1 functions as 
a photoreceptor for the butterfly clock, we next used DpN1 cells to construct the 
primary gear of the circadian clock, a negative transcriptional feedback loop, by 
examining the ability of monarch PER, TIM, CRY1, or CRY2 to inhibit monarch 
dpCLK:dpCYC-mediated transcription. Previous studies in S2 cells have shown 
that monarch CRY2 is a potent repressor of dpCLK:dpCYC-mediated 
transcription (Yuan et al., 2007; Zhu et al., 2005), but it has also been shown in 
S2 cells that both the Drosophila and Antheraea pernyi PER proteins alone 
potently repress Drosophila CLK:CYC-mediated transcription (Chang et al., 2003; 
Chang and Reppert, 2003; Nawathean and Rosbash, 2004; Weber and Kay, 
2003). The DpN1 cell line was ideal for the current study because it allowed for 
the exogenously expressed monarch proteins to be examined in a homologous 
cell-based system. We used luciferase reporter gene assays with a reporter 
construct containing a tandem repeat of the proximal CACGTG E-box enhancer 
from the monarch per gene promoter (Yuan et al., 2007; Zhu et al., 2005). 
Cotransfection of the reporter with monarch CLK and CYC caused a 100-
fold increase in transcriptional activity (Figure 4-5A). As expected, monarch 
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CRY2 potently inhibited dpCLK:dpCYC-mediated transcription in a dose-
dependent manner, yet neither monarch PER nor monarch TIM inhibited 
transcription (Figure 4-5A); transfected monarch PER is >90% nuclear in DpN1 
cells (unpublished data). The same result was found with independent PER 
constructs obtained from cDNA from different sources of monarch head RNA 
(unpublished data). monarch PER does have the potential to inhibit transcription 
in other cellular contexts, because it robustly inhibited dCLK:dCYC-mediated 
transcription in a dose-dependent manner in Drosophila S2 cells (unpublished 
data). 
These data suggest that the monarch clock homologs can participate in a 
negative transcriptional feedback loop. A novel aspect of this feedback loop is 
that monarch CRY2 has the major inhibitory role for repressing dpCLK:dpCYC-
mediated transcription from a monarch per E box enhancer, while PER was 
ineffective (either alone or in combination with TIM or sub maximal inhibitory 
doses of CRY2, Figure 4-S7). 
Next, a repressive effect of endogenous monarch CRY2 was examined on 
dpCLK:dpCYC-mediated transcription using dsRNAs to knock down endogenous 
clock gene expression in DpN1 cells. For one dsRNA approach, the monarch per 
E box luciferase reporter and monarch CLOCK and CYC were cotransfected to 
elevate reporter activity. The ability of endogenous PER, TIM, CRY1, or CRY2 to 
inhibit CLK:CYC-mediated transcriptional activity was then evaluated using 
dsRNA directed against each clock gene RNA to determine whether knockdown 
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elevated (de-repressed) luciferase activity and what effect knockdown had on the 
levels of all four clock proteins. 
The luciferase value obtained with dsRNA against GFP was the control for 
comparison of clock protein levels and knockdown-induced de-repression (Figure 
4-5B, lane 1). Double-stranded RNA directed against per caused a substantial 
reduction in both PER and CRY2 abundance, and luciferase activity was 
elevated (de-repressed) by ~3-fold (Figure 4-5B, lane 2). The decrease in CRY2 
abundance with dsRNA against per did not appear to be the result of a decrease 
in cry2 transcription (Figure 4-S8), but was due to a post-transcriptional process, 
likely involving direct PER:CRY2 interactions, which protect CRY2 from 
degradation (see below). Double-stranded RNA against tim knocked down TIM 
abundance, and also caused a modest decrease in PER and CRY2 abundance, 
while luciferase reporter activity was elevated (de-repressed) 2-fold (Figure 4-5B, 
lane 3). Double-stranded RNA against cry1 substantially reduced CRY1 
abundance only, and did not cause an elevation in luciferase reporter activity 
compared to GFP control (Figure 4-5B, lane 4 versus lane 1). Double-stranded 
RNA against cry2 caused a ~70% reduction in CRY2 abundance only, while 
reporter activity was elevated (de-repressed) to a level comparable to the value 
with dsRNA against per (Figure 4-5B, lane 5 versus lane 2). Collectively, these 
data strongly suggest that endogenous CRY2 alone (not PER) is a dominant 
repressor of dpCLK:dpCYC-mediated transcription in DpN1 cells. The dsRNA 
knockdown results are also consistent with PER stabilizing CRY2 and TIM 
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stabilizing PER (see also the temporal order of light-induced clock protein 
degradation, Figure 4-1D, Figure 4-2, and Figure 4-S2A), and show that the de-
repression following knockdown of PER or TIM is due to secondary reductions in 
CRY2 levels. 
These biochemical data suggest that TIM, PER, and CRY2 are in the same 
protein complex. We therefore examined endogenous protein interactions by 
incubating DpN1 cell or brain extracts with clock protein antisera and probing the 
resulting immune complexes for each of the three clock proteins by Western blot 
analysis. Immunoprecipitated PER pulled down TIM and CRY2, 
immunoprecipitated TIM pulled down PER and CRY2, and immunoprecipitated 
CRY2 pulled down PER and TIM in both DpN1 cells and in brains (Figure 4-5C). 
These results are consistent with the existence of endogenous clock protein 
complexes containing PER, TIM, and CRY2. The data are also consistent with 
the protective protein interactions (TIM protects PER from degradation and PER 
protects CRY2 from degradation) suggested in previous experiments (see Figure 
4-2, Figure 4-S2A and Figure 4-5B). 
In our second dsRNA approach, dsRNA against cry2 was transfected into 
DpN1 cells to knock down CRY2, and per RNA levels were monitored at 4-h 
intervals over 24 h in LD, and dsRNA against GFP served as the control. We 
could not use dsRNA against per for this approach, because of the secondary 
effect of PER knockdown decreasing CRY2 levels, as documented above (Figure 
4-5B, lanes 2). With GFP dsRNA, the normal daily oscillation of per RNA in LD 
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was clearly apparent and unaltered with high levels from ZT 20-24 (Figure 4-5D). 
With CRY2 knockdown, on the other hand, per RNA levels remained at peak 
values throughout the 24-h period, with no oscillation (Figure 4-5D and Figure 4-
S9A). This result confirms that endogenous CRY2 is the major repressor of 
dpCLK:dpCYC-mediated transcription for this light-driven clock, because without 
substantial CRY2, per transcription remains constantly high over the 24-h period 
in LD. Moreover, the increase in PER levels with CRY2 knockdown again shows 
that endogenous CRY2 is the major repressor; there is no evidence for a role of 
PER in CRY2’s repressive ability in DpN1 cells. 
If CRY2 is the transcriptional repressor of the diurnal clock in DpN1 cells, 
then its cellular localization should change over the day, being mainly nuclear at 
the time of maximal repression of dpCLK:dpCYC-mediated transcription. We thus 
examined the temporal profile of nuclear CRY2 in DpN1 cells and compared the 
time course to the normal daily rhythm in per RNA levels depicted in Figure 4-5D 
(solid lines), as a measure of dpCLK:dpCYC-mediated transcriptional readout. 
When the temporal profiles were examined at 4-h intervals over 24 h in LD, we 
found a clear daily change in the cellular location of CRY2 (Figure 4-5E and 
Figure 4-S9B). The amount of CRY2 in the nucleus began to increase at ZT 16 
and peaked at ZT 4, the predicted time of CRY2 maximal repression, when per 
RNA levels had dropped to near low values (Figure 4-5D). Because the low 
levels of per RNA persisted with increasing time in the light period of LD (ZT 8 
and 12; Figure 4-5D), the amount of CRY2 in the nucleus began to decline 
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(Figure 4-5E). These data show an oscillation in nuclear CRY2 abundance that is 
consistent with its role as the major transcriptional repressor of the light-driven 
clock in DpN1 cells. Perhaps in LD, only a portion of CRY2 in DpN1 cells-the 
portion translocated from cytoplasm to nucleus-is functionally relevant for 
inhibition of dpCLK:dpCYC-mediated transcription. 
7. Monarch CRY2 is co-localized with other clock proteins in the PL 
But what about CRY2 function in the monarch brain? We first used in situ 
hybridization to map cry2 RNA expression in the monarch brain. The brain 
distribution revealed RNA staining in ~16 cells in the PI, four cells in the PL, ~six 
cells in the central protocerebrum ventrally from the central body and dorsally 
from the oesophageal foramen, and ~four cells in the SOG (Figure 4-S10A to 
S10C). There was also extensive staining in the OLs, which included cells in the 
dorsal and ventral OL, and several hundred small cells that were found between 
the lobula and medulla, between the medulla and lamina, and between the 
lamina and retina (Figure 4-S10A). 
Using our newly developed monarch-specific anti-CRY2 antibodies, the 
anatomical location of CRY2 staining by immunocytochemistry was very similar 
to the RNA expression pattern (Figure 4-6A). CRY2-like immunoreactivity was 
detected in the cytoplasm of ~16 cells in the PI and four cells in the PL (Figure 4-
6B and 6C). Double labeling studies showed that the CRY2 staining was 
localized in the PL to the four cells that co-express corazonin (Figure 4-6D and 
6E) and TIM. Direct comparison confirmed co-localization of CRY2 and TIM in 
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the same four cells in the PL (Figure 4-S11). There were ~25 CRY2-positive cells 
in the dorsal OL, ~35 in the ventral OL, and ~500 small CRY2-positive cells 
between the lobula and medulla and medulla and lamina. The main discrepancy 
between the RNA and protein patterns was that CRY2 staining was not detected 
in the RNA-expressing cells between the lamina and retina (Figure 4-S10A 
versus Figure 4-6A). When the temporal profile of CRY2 staining in the PI, PL, 
and dorsal and ventral OL (the CRY2-positive cell groups in which signal 
intensity allowed for semiquantitative assessment) was analyzed over the 
circadian cycle, we found a significant circadian oscillation of cytoplasmic CRY2 
staining in PL (p<0.05), PI (p<0.01), and OL (p<0.01), which was most 
pronounced in OL (Figure 4-6F), with peak staining at CT 15. 
Importantly, there was no detectable circadian oscillation in the ~500 small 
cells in OL between lobula and medulla and between medulla and lamina, which 
compose over 90% of CRY2 staining in brain. This staining pattern accounts for 
our inability to detect a daily CRY2 oscillation in either head extracts (Figure 4-1B) 
or brains dissected away from photoreceptors (unpublished data). These CRY2-
positive cells in OL overlap with those detected as expressing cry2 RNA by in 
situ hybridization (Figure 4-S10A); therefore, these cells in OL also likely account 
for the lack of a detectable cry2 RNA rhythm in heads (Figure 4-1A). 
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8. CRY2 occurs in nuclei of PL cells at appropriate times to repress 
transcription 
CRY2 nuclear staining should be observed in the PL at the time of 
transcriptional repression. Such evidence of nuclear translocation is expected 
based on the transcriptional feedback loop model of the Drosophila circadian 
clock (Stanewsky, 2003) and on what we found for CRY2 in DpN1 cells (Figure 
4-5E). Until now, we have not been able to find an obvious rhythmic nuclear 
accumulation of any clock protein so far examined (PER, TIM, CRY1, as well as 
CRY2) in the PL or in any other monarch brain region. 
One possible explanation for not finding nuclear clock proteins is that each 
protein is heavily expressed in cytoplasm of PI and PL and, by comparison, there 
might be a relatively small amount of functionally relevant clock protein that does 
cycle into the nucleus to alter transcription, as appears to occur for 
phosphorylated nuclear PER bound to chromatin in Drosophila (Nawathean and 
Rosbash, 2004). With this in mind, we initially examined CRY2 staining in thin (5 
μm) sections throughout the entire monarch brain focusing on nuclear 
occurrence of CRY2 at 2-h intervals from ZT 18 to ZT 6, which covered seven 
points over the time interval in which we would expect to find CRY2 in the 
nucleus (Figure 4-6G and 6H), based on our studies of DpN1 cells (see Figure 4-
5D and 5E). We compared the temporal pattern of nuclear CRY2 to the per RNA 
rhythm in monarch brain (Figure 4-6H, upper panel), because the per RNA 
rhythm is the most consistent clock gene rhythm in monarchs (Figure 4-1A), and 
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it is the same assay we used as a transcriptional readout of dpCLK:dpCYC–
mediated transcription for comparison with the temporal profile of nuclear CRY2 
in DpN1 cells (Figure 4-5D, solid line). 
In the PL, the nuclei are large (10 μm in diameter), and counterstaining with 
three specific fluorescent DNA probes revealed that these cells are unique in that 
most of the chromatin is distributed around the inner edge of the nuclear 
envelope and in small patches in the nucleus. In addition, the amount of DNA 
staining detected in the nucleus per se is minute, compared with nuclear staining 
in surrounding cells (Figure 4-S12A). Nonetheless, using high-power microscopy 
in combination with a sensitive charge-coupled device (CCD) camera, we found 
clear evidence of temporal control of CRY2 staining in the nucleus of PL cells, 
which was limited to the four cells in PL and was not found in any other CRY2-
positive cells in brain (Figure 4-6G and 6H). Specifically, over the 12-h period of 
study in LD, we identified nuclear CRY2 staining at ZT 2 and 4 only; no nuclear 
staining was detected at ZT 18, 20, 22, 24, or ZT 6 (Figure 4-6G, left column; 
Figure 4-6H, middle panel). The CRY2 nuclear staining in the PL co-localized 
with the chromatin detected in the nucleus by the DNA probes (Figure 4-S12B). 
We next examined four time points over the circadian cycle and found CRY2 
nuclear staining in PL only at CT 3, and not at CT 9, 15, or 21 (Figure 4-6G, right 
column; Figure 4-6H, lower panel). The timing of CRY2 nuclear occurrence 
correlated well with the time of maximal transcriptional repression of the per RNA 
oscillation in monarch brain (Figure 4-6H, upper panel), similar to the temporal 
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profiles described in DpN1 cells (see Figure 4-5D and 5E). It is likely that CRY2 
is present in the nucleus of relevant PL cells starting several hours before the 
peak, with the peak being what we are detecting for nuclear CRY2 in Figure 4-6G 
and 6H, based on our studies in DpN1 cells. We thus conclude that the cyclic 
presence of CRY2 in the nucleus of PL cells closes the circadian transcriptional 
feedback loop in vivo in the monarch butterfly. 
We also looked at 5-μm sections for PER staining in the nuclei of PL cells 
over the circadian cycle using an antipeptide antibody that we previously used to 
characterize PER staining in monarch brain (Sauman et al., 2005). However, 
high background staining gave inconclusive results and no clear nuclear staining 
was detected above background at any of the Zeitgeber or clock times examined 
(unpublished data). Nonetheless, because of the strong evidence presented for 
CRY2 as a major transcriptional repressor of a clock feedback loop in monarchs 
(data in Figure 4-5), the detection of temporally controlled, nuclear CRY2 in 
putative clock neurons in butterfly brain helps resolve a puzzle that has existed 
for the last 10 y of work on lepidopteran clocks (Chang et al., 2003; Sauman and 
Reppert, 1996; Zavodska et al., 2003). 
9. CRY2-positive fibers oscillate in the central complex 
The site of the sun compass in insects now appears to be the central 
complex (Heinze and Homberg, 2007; Vitzthum et al., 2002). The central 
complex is a midline structure consisting of the dorsally positioned protocerebral 
bridge and the more ventrally situated central body, which has upper and lower 
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subdivisions. Recent studies in locusts and Drosophila have shown that the 
central complex is not only a control center for motor coordination but is also the 
actual site of the sun compass (for polarized skylight integration from both eyes 
and probably all skylight information) (Heinze and Homberg, 2007), as well as 
being involved in visual pattern learning and recognition (Liu et al., 2006). Finding 
a clock connection with the central complex in the monarch butterfly would be a 
major advance for beginning to understand its remarkable navigational 
capabilities. 
Both CRY2 arborizations and projections were identified in the brains of 
monarch butterflies (Figure 4-7A). The strongest and most dense arborization of 
CRY2 staining was found in the central body, just ventral from the protocerebral 
bridge (Figure 4-7B). This staining in the central complex was specific for CRY2, 
because staining for PER, TIM, or CRY1 was not detected in the central body. 
Another CRY2 arborization was found in the superior medial and lateral 
protocerebra, which are connected via the protocerebral bridge just above 
(dorsal to) the central body. In addition to these two arborizations, there are three 
CRY2-staining projections that could be traced. The first projection was coming 
from the protocerebral bridge and PI laterally toward the four cells in the PL 
(Figure 4-7C to 7E). The second projection was extending from the superior 
lateral protocerebrum toward the OL (but it was not seen in the OL) (Figure 4-7F 
and 7G). The third projection traveled from the superior medial protocerebrum 
ventrally, likely to the corpora cardiaca/corpora allata complex, because CRY2 
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staining was detected in both these neurohemal organs (Figure 4-7H). It 
appeared that the CRY2 pathways arise from cells in PL and/or PI. 
The CRY2-positive arborizations were under circadian control with strong 
staining in all areas at CT 15 and little to no staining detectable in those areas at 
CT 9. Dramatic CRY2 cycling was especially apparent in central body (Figure 4-
7I to 7K). These data provide evidence for a potential dual role for CRY2: as a 
core clock element and as an output that regulates circadian activity in the 
central complex. 
D. Discussion 
Collectively, our results provide several lines of evidence suggesting that 
monarch CRY1 functions in vivo as a circadian photoreceptor, whereas CRY2 
functions as a transcriptional repressor for the butterfly clockwork. This novel 
clock mechanism has aspects of both the Drosophila and mouse circadian clocks 
rolled into one, as well as unique aspects of its own (Figure 4-8A). 
The CRY1-TIM pathway for light-induced resetting of the monarch clock is 
similar to that found in the fruit fly, and the butterfly is the only other animal, 
outside of Drosophila, in which a photoreceptive function of CRY1 for clock 
entrainment has been shown in vivo. What is different between photoreceptive 
CRY function in fruit fly and monarch is that the cascade of protein degradation 
events ends with CRY2’s degradation in the butterfly, rather than with PER’s, as 
occurs in Drosophila. We propose that it is the ultimate decrease in CRY2 levels 
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that resets the CLK:CYC-driven transcriptional feedback loop in monarch 
butterflies (see temporal protein decay patterns in the light periods in Figure 4-
1D). 
Then what is the function of monarch PER? We have shown that PER is 
important for stabilizing CRY2, and PER:CRY2 heterodimers may also be 
involved in translocating CRY2 into the nucleus, as occurs in mammals (Reppert 
and Weaver, 2002), although we could not detect PER in the nucleus of PL cells 
using currently available antibodies. It is also still possible that PER has a minor 
role in repression of dpCLK:dpCYC-mediated transcription, although the 
dominant repressor in monarchs is CRY2. 
The role of monarch CRY2 as a transcriptional repressor is similar to the role 
of the CRYs in the mouse clockwork (Reppert and Weaver, 2002). The existence 
of CRY2 and its repressive function, independent of PER, are major 
distinguishing features of the monarch clock mechanism from that of Drosophila. 
Drosophila CRY has been suggested to function in the peripheral clockwork as a 
transcriptional repressor (Ivanchenko et al., 2001; Krishnan et al., 2001; Levine 
et al., 2002a), but only when overexpressed with PER (Levine et al., 2002a), and 
no such clock-like function driving behavior has been detected for fruit fly CRY 
overexpressed within the central clock of Drosophila (Emery et al., 1998). We 
have been able to track monarch CRY2’s movement into the nuclei of PL cells at 
clock times appropriate for its role as a major transcriptional repressor of the 
butterfly clock feedback loop (Figure 4-6G and 6H)—no previous nuclear 
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translocation of clock proteins has been reported in any other non-dipteran 
species. Our studies set the stage for more careful examination of this issue in 
other insects, as also suggested by a recent study in the housefly Musca 
domestica (Codd et al., 2007). 
It is likely that monarch CRY2 exerts its inhibitory function on transcription by 
directly interacting with CLK:CYC heterodimers, which can now be assessed in 
DpN1 cells. DpN1 cells are also an important reagent for examining CRY1 
signaling mechanisms, as it is the only insect cell line reported that has all the 
endogenous machinery from CRY1 light sensing through the degradation of 
CRY2. The CRY-centric ancestral circadian clock we have defined in monarch 
butterflies may be common in those non-drosophilid invertebrates that express 
both cry1 and cry2. 
The CRY-centric clock of the monarch may also hold a key to understanding 
the regulation of critical migratory behaviors, including time-compensated sun 
compass navigation (Froy et al., 2003; Mouritsen and Frost, 2002; Perez et al., 
1997). The relatively intense staining of the CRY proteins in cytoplasm suggests 
output roles for the proteins distinct from those involved in the circadian clock 
mechanism and its entrainment by light (Figure 4-8A). Indeed, previous work has 
shown that a CRY1-staining neural pathway may connect the circadian clock to 
polarized light input entering brain that may ultimately impinge on the sun 
compass (Figure 4-8B) (Sauman et al., 2005). 
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The results presented here further show that a CRY2-staining neural 
pathway may more directly connect the circadian clock to the central complex 
(Figure 4-8B), the likely site of a sun compass (Heinze and Homberg, 2007; 
Vitzthum et al., 2002), and that the pathway communicates circadian information 
to the sun compass (Figure 4-7I and 7J). CRY2 may simply be marking a 
circadian pathway to the sun compass or it may be directly involved in rhythmic 
synaptic activity in that region. The elucidation of a novel central clock 
mechanism in monarch butterflies and the finding of CRY-staining neural 
pathways to aspects of sun compass integration provide a solid cellular, 
molecular, and biochemical foundation for further functional and genetic studies 
into the remarkable navigational capabilities of the monarch butterfly.
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Figure 4-1. Temporal patterns of clock gene RNA and protein expression in 
monarch heads and DpN1 cells 
(A) Temporal profiles of clock gene RNA expression in heads. Heads were 
collected at 3-h intervals for 24 h in LD and during the first day in DD. RNA levels 
were quantitated by qPCR. Each value is the mean ± SEM from 6 sets of heads. 
Open bars, light; black bars, dark; gray bars, subjective day. p-value determined 
by one-way ANOVA. 
(B) Temporal profiles of clock proteins in heads. Heads were collected at 3-h 
intervals for 24 h in LD and during the first day in DD. Extracts were prepared, 
analyzed by Western blot and probed for PER (GP40), TIM (GP47), CRY1 
(GP37), and CRY2 (GP51). Blots were imaged by chemiluminescence, and band 
intensity was quantified. The results were normalized against α-tubulin. Each 
value is the mean ± SEM from six heads. In LD: PER and TIM, p < 0.001. In DD: 
PER, p < 0.01; TIM, p > 0.05. 
(C) Temporal profiles of clock gene RNA expression in DpN1 cells. Cells were 
collected at 4-h intervals for two days in LD followed by two days in DD, and RNA 
levels were quantitated by qPCR . Each value is the mean ± SEM of three 
collections. 
(D) Temporal profiles of clock proteins in DpN1 cells. Cell homogenates were 
prepared, analyzed by Western blot and probed for PER (GP40), TIM (GP47), 
CRY1 (GP37), and CRY2 (GP51). Blots were imaged by chemiluminescence, 
and the band intensity was quantified. The results were normalized against α-
tubulin. Each value is the mean ± SEM of three collections. In LD, PER, p < 0.05; 
for TIM and CRY2, p < 0.001. 
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Figure 4-2. CRY1 and TIM responses to light in DpN1 cells 
Clock protein abundance in LD-cultured cells changes in response to light. DpN1 
cells were cultured under LD, pretreated with dsRNA against GFP (black lines) or 
dsRNA against cry1 (red lines), and then exposed to light (at the start of the 
normal light period) for 540 min. Cells were collected at the designated times. 
Cell homogenates were analyzed by Western blot, and probed for CRY1 (GP37), 
TIM (GP47), PER (GP40), and CRY2 (GP51) (left-hand panels). The time 
courses of declines were quantified by chemiluminescence, and band intensity 
was normalized against α-tubulin (right-hand panels). (A) CRY1, (B) TIM, (C) 
PER, (D) CRY2. Time 0 is before lights on. Each point is the mean ± SEM of 
three experiments. 
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Figure 4-3. Distribution and regulation of TIM immunoreactivity in monarch 
brain 
(A) Schematic representation of a frontal section illustrating the topology of TIM-
immunoreactive cells using antibody TIM-R38. Although an identical pattern of 
TIM staining was obtained with TIM-GP47, TIM-R38 was used in experiments 
depicted in (B–J), because of stronger signal intensity. RE, retina; LA, lamina; 
ME, medulla; LO, lobula of optic lobe (OL); PL, pars lateralis; PI pars 
intercerebralis; SOG, suboesphageal ganglion. 
(B and C) Double-labeling immunofluorscence of TIM (B) and corazonin (COR; C) 
in cells in the PL. The three cells shown are co-localized with TIM and COR; the 
fourth cell was out of the plane of section. 
(D and E) TIM staining in PL at CT 15 (D) and CT 9 (E). Two cells are shown; the 
other two were out of the plane of section. 
(F and G) TIM staining in PL at ZT 15 in darkness (F) or after a 1-h light pulse 
(ZT 15L) (G). Two cells are shown; the other two were out of the plane of section. 
(H) Semiquantitative assessment of TIM staining in PI, PL, OL, and SOG at ZT 6 
and ZT 15. Intensity values were corrected for relative cell number in each group 
so that the values could be compared across groups. Each value is mean ± SEM 
of four animals. *p < 0.05; ***p < 0.001. 
(I) Semiquantitative assessment of TIM staining in PI, PL, OL, and SOG at the 
two circadian times (CT 9 and CT 15). Each value is mean ± SEM of eight 
animals. *p < 0.05. 
(J) Semiquantitative assessment of TIM staining in PI, PL, OL, and SOG before 
and after the light pulse (ZT 15 and ZT 15L, respectively). Each value is mean ± 
SEM of eight animals. ***p < 0.001. 
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Figure 4-4. Transgene expression of monarch cry1 partially rescues cryb 
defects 
(A) Expression of monarch CRY1 in a cryb background partially rescues phase 
advances and delays after a 1-h light pulse at ZT 21 or ZT 15, respectively. Four 
independent UAS-cry1 lines—designated 1a, 6b, 15b, and 22b—were examined. 
Expression of the transgenes was driven by tim-GAL4. Phase changes: positive 
numbers are advances, negative numbers are delays. The ZT 21 pulse 
experiment was performed three times for cryb, y w, 6b, 15b, and 22b, and twice 
for 1a, using 16 males per genotype per experiment. The ZT 15 pulse experiment 
was performed four times for cryb, y w, 6b, 15b, and 22b, and three times for 1a, 
using 16 males per genotype per experiment. Each value is the mean ± SEM. 
The value for cryb at ZT 15 was 0 with SEM within the width of the horizontal line. 
(B) Expression of monarch CRY2 in a cryb background does not rescue phase 
shifts after a 1-h light pulse at either ZT 21 or ZT 15. Three independent UAS-
cry2 lines, designated 19a, 18b, and 125a, were examined. The UAS-cry1 line, 
15b, was included as a comparison. Expression of all the transgenes was driven 
by tim-GAL4. The ZT 21 and ZT 15 pulses experiments were performed three 
times each, using 16 males per genotype per light pulse per experiment. Each 
value is the mean ± SEM. 
(C) Expression of monarch CRY1 partially rescues Drosophila TIM cycling in LD. 
Flies were collected at ZT 5 and ZT 17. Whole head extracts were subjected to 
Western blot analysis using a Drosophila anti-TIM antibody (top half of blot) or 
anti-tubulin antibody (bottom half of same blot). The UAS-cry1 lines are the same 
as in (A). TIM levels at ZT 17 were normalized to 1.0. This experiment was 
performed three times. Each value is the mean ± SEM. 
(D) Expression of monarch CRY2 does not rescue Drosophila TIM cycling in LD. 
The UAS-cry2 lines are the same as in (B). The UAS-cry1 line, 15b, is included 
for comparison. TIM levels at ZT 17 are normalized to 1.0. This experiment was 
performed three times. Each value is the mean ± SEM. 
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Figure 4-5. CRY2 is a major repressor of dpCLK:dpCYC–mediated 
transcription in DpN1 cells 
(A) Monarch CRY2 inhibits dpCLK:dpCYC–mediated transcription using 
luciferase reporter gene assays. The monarch butterfly per E box enhancer 
luciferase reporter (dpPer4Ep-Luc; 50 ng) was used in the presence (+) or 
absence (–) of monarch CLK/CYC expression plasmids (50 ng each). Monarch 
cry1 (5, 15, and 50 ng), cry2 (5, 15, and 50 ng), per (10, 30, and 100 ng), or tim 
(1, 30, and 100 ng) was used. Luciferase activity relative to β-galactosidase 
activity was computed. Each value is the mean ± SEM of three independent 
transfections. Western blot of FLAG-epitope–-tagged protein expression levels 
for each concentration of each construct is depicted below the graph. 
(B) De-repression assay showing that endogenous CRY2 inhibits 
dpCLK:dpCYC–mediated transcription. The monarch per E box luciferase 
reporter and monarch CLOCK and CYC were co-transfected into DpN1 cells to 
elevate reporter activity. The ability of endogenous PER, TIM, CRY1, or CRY2 to 
inhibit dpCLK:dpCYC-mediated transcriptional activity was then evaluated using 
dsRNA directed against each RNA to determine what effect knockdown had on 
the levels of all four clock proteins (Western blots using PER-GP40, TIM-GP47, 
CRY1-GP37, or CRY2-GP51, upper panel) and whether knockdown elevated 
(de-repressed) luciferase activity (lower panel). The luciferase values are the 
mean ± SEM of three independent experiments. 
(C) Monarch clock proteins form multimeric complexes in vivo. Brain or DpN1 
extracts from ZT 18–19 were immunoprecipitated with antibodies against 
monarch PER (R33), TIM (R38), or CRY2 (R41). Immunocomplexes generated 
by each antibody were then analyzed by Western blot and probed for all three 
proteins (PER-GP40, TIM-GP47, and CRY2-GP51). 
(D) Knockdown of endogenous CRY2 abolishes the diurnal per RNA rhythm. 
dsRNA against monarch cry2 was transfected into DpN1 cells to knock down 
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CRY2 (Figure 4-S9A), and per RNA levels were monitored at 4-h intervals over 
24 h in LD. Double-stranded RNA against GFP served as the control. Relative 
monarch per RNA levels are depicted. Each value is mean ± SEM of three 
experiments. Solid line, GFP control; dashed line, CRY2 knockdown. 
(E) Oscillation in nuclear CRY2 abundance in DpN1 cells. Cells were entrained to 
LD and then fixed at 4-h intervals over 24 h in LD. The cellular localization of 
CRY2 was assayed by immunocytochemistry using CRY2-GP51. The cells were 
counterstained with SYTOX Blue to visualize the nuclei. At each time point, the 
localization of CRY2 in the cells was categorized as nuclear, cytoplasmic, or both 
nuclear and cytoplasmic. The proportion of cells at each time point in each 
category was calculated as the percentage of the total number of cells counted 
(30 per slide). Each bar represents the mean ± SEM of three experiments. 
Representative photomicrographs of CRY2 staining in nucleus, and in both 
cytoplasm and nucleus are shown in Figure 4-S9B. 
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Figure 4-6. CRY2 protein distribution and nuclear localization in monarch 
brain. 
(A) Schematic representation of a frontal section illustrating the topology of 
CRY2-immunoreactive cells using antibody CRY2-R42. A similar pattern of 
CRY2 staining was found using CRY2-GP51 (see Figure 4-S13). 
(B) CRY2 immunoreactivity in neurosecretory cells in the PI. 
(C) CRY2 immunoreactivity in cells in the PL. 
(D and E) Double-labeling immunofluorescence of CRY2 (D) and COR (E) in two 
cells in the PL. The other two co-localized cells were out of the plane of section. 
(F) Semiquantitative assessment of CRY2 immunostaining in the PI, PL, and 
dorsal and ventral OL on the first day in DD. Intensity values were corrected for 
relative cell number in each group so that the values could be compared across 
groups. Each point is mean ± SEM of 5–6 brains. For PI, p < 0.01, one-way 
ANOVA; PL, p < 0.05; OL, p < 0.01. 
(G) Nuclear localization of CRY2 using antibody to CRY2-R42. CRY2 staining in 
PL at ZT 0, top left; ZT 4, bottom left; CT 15, top right; and CT 3, bottom right. 
DAPI counterstaining was used to define the nucleus (not shown). CRY2 staining 
was not found in the nucleus at ZT 0 or CT 15, but it was found in the nucleus in 
PL at ZT 4 and CT 3 (arrows). 
(H) Comparison of per RNA levels in brain with temporal patterns of CRY2 
nuclear staining in PL. Upper, per RNA levels for two sets of dissected brains 
without photoreceptors (black and blue lines) collected at 4-h intervals over 24 h 
in LD. Middle, nuclear CRY2 staining in PL at seven ZT times plotted as % of 
brains examined (n = 4–5 brains at each time point). Lower, nuclear CRY2 
staining in the PL at four time points over the circadian cycle plotted as percent of 
brains examined (n = 4–5 brains at each time point). 
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Figure 4-7. CRY2 fiber pathways in monarch brain. 
(A) Schematic representation of frontal section illustrating the topology of CRY2 
fibers at CT 15 using antibody CRY2-R42. A similar pattern of CRY2 fiber 
staining was found using antibody CRY2-GP51 (see Figure S13). PI, pars 
intercerebralis; PL, pars intercerebralis; OL, optic lobe; CB, central body. 
(B) CRY2 staining in central body (CB). PL, pars lateralis; PI, pars intercerebralis. 
(C–E) CRY2 fibers between PL and PI. SP, superior protocerebral bridge. CRY2 
staining was not visible in central body on this section because the section is cut 
at a different plane. 
(F and G) CRY2 fibers between pars lateralis and optic lobe (OL); LO, lobula; ME, 
medulla. 
(H) CRY2 staining in corpora cardiaca (CC) and corpora allata (CA). 
(I and J) Circadian oscillation of CRY2 staining in the central complex. (I) CRY2 
staining in upper and lower central body of the central complex at CT 15. (J) 
CRY2 staining in upper and lower central body of the central complex at CT 9. 
(K) Semiquantitative assessment of CRY2 staining in central body (CB) over the 
circadian day. Each value is mean ± SEM of five animals. Similar results were 
found in a replicate experiment using either CRY2-R42 or CRY2-GP51. 
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Figure 4-8. Proposed monarch butterfly circadian clock mechanism and 
CRY-centric clock-compass models. 
(A) The main gear of the clock mechanism in pars lateralis is an autoregulatory 
transcription feedback loop in which CLK and CYC heterodimers drive the 
transcription of the per, tim, and cry2 genes through E box enhancer elements; in 
addition to per, there are CACGTG E box elements within the 1.5-kb 5′ flanking 
regions of the butterfly tim and cry2 genes (unpublished data). TIM (T), PER (P), 
and CRY2 (C2) form complexes in the cytoplasm, and CRY2 is shuttled into the 
nucleus where it shuts down dpCLK:dpCYC–mediated transcription. PER is 
progressively phosphorylated and likely helps translocate CRY2 into nucleus. 
CRY1 (C1) is a circadian photoreceptor, which, upon light exposure (lightning 
bolt), causes TIM degradation to gain access to the central clock mechanism. 
The thick gray arrows represent output functions for CRY1 and for CRY2. 
(B) Clock-compass pathways in monarch butterfly brain. A circadian clock in the 
PL is entrained by light acting through CRY1 expressed in clock cells (orange 
line). A CRY1-positive fiber pathway (orange) connects the circadian clock to 
axons originating from polarized UV light-sensitive photoreceptors in the dorsal 
rim of the compound eye (Sauman et al., 2005; Stalleicken et al., 2006). The 
circadian clock also may interact directly with the sun compass (in the central 
complex) through a CRY2-positive fiber pathway (green) discovered in the 
current study. Output from the central complex ultimately controls motor output. 
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Figure 4-S1. PER is phosphorylated in brains and DpN1 cells. 
Protein samples were prepared from extracts collected at ZT4. Phosphatase 
(800 units) was incubated with each protein sample at 30 °C for 30 min. After, the 
samples were immediately mixed with 2X SDS-PAGE loading buffer, boiled for 5 
min, analyzed by Western blot, and probed with PER-GP40. Sodium vanadate 
was used to block phosphatase activity. 
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Figure 4-S2. CRY1 and TIM responses to light after 48 h in DD. 
(A) Clock protein abundance in DpN1 cells changes in response to light after 
prolonged exposure to dark. DpN1 cells were cultured for 48 h under DD and 
then exposed to light for 540 min. Cells were collected at the designated times. 
Cell homogenates were analyzed by Western blot and probed for CRY1 (GP37), 
TIM (GP47), PER (GP40), and CRY2 (GP51) (upper panel). The time courses of 
declines were quantitated by chemiluminescence, and band intensity was 
normalized against α-tubulin (lower panel). Time 0 is before lights on. 
(B) Effects of inhibitors on the light-induced decrease in CRY1 and TIM. Cells 
were pretreated with DMSO (the vehicle control, left), MG115 (final concentration 
of 40 μM in DMSO) for 2 h prior to light exposure (center), or GSK-3β inhibitor 
VIII (final concentration 20 μM in DMSO) for 2 h prior to light exposure (right). 
CRY1 abundance (GP37) and TIM abundance (GP47) were monitored by 
probing Western blots of cells collected at the designated times during the 120-
min light exposure. 
(C) CRY1 mediates light-induced TIM degradation in DpN1 cells. Cells were 
pretreated with dsRNA against GFP (left), cry1 (center), or tim (right) prior to light 
exposure. CRY1 abundance (GP37) and TIM abundance (GP47) were monitored 
by probing Western blots of cells collected at the designated times during the 
120-min light exposure. 
Results: We found a light-induced decrease in CRY1 in untreated DpN1 cells 
after culturing the cells for 48 h in DD. Once lights were turned on after 48 h in 
DD, there was a rapid decrease in CRY1 and TIM, followed by a slower decrease 
in PER, followed by a decrease in CRY2(A), similar to the temporal cascade of 
protein decrements found in Figure 4-2. The delayed decrease in both PER and 
CRY2 abundance after light exposure was not due to accelerated protein 
synthesis, relative to CRY1 and TIM, because the same temporal sequence of 
declining protein accumulation was found following treatment of the cells with the 
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protein synthesis inhibitor cycloheximide prior to light exposure (unpublished 
data). 
The light-induced decrease in both CRY1 and TIM was blocked by the 
proteasome inhibitor MG115, showing that the decrease in CRY1 is mediated by 
proteosomal degradation (B, center), as occurs in Drosophila (Lin et al., 2001). 
The lack of light-induced decrease in TIM with MG115 treatment was also likely 
due to lack of proteasomal degradation of TIM itself, as the decrease in TIM by 
light is not necessarily accompanied by a decrease in CRY1. In fact, the GSK-3β 
inhibitor VIII blocked the light-induced decrease in CRY1, but did not inhibit TIM's 
degradation by light (B, right). These data, along with the dsRNA data (C, center) 
show that CRY1 can mediate light-induced TIM degradation, with or without 
inducing its own degradation. The results further suggest the involvement of a 
GSK-3β-like kinase in the degradation of monarch CRY1 by light. 
Using dsRNA, we showed that the light-induced decrease in TIM after 48 h in DD 
is also mediated through CRY1 (C). Pretreatment of cells with dsRNA targeting 
cry1 prior to turning the lights on caused a substantial (70%) reduction in CRY1 
in darkness just prior to light exposure (time 0) and greatly reduced the decrease 
in TIM abundance in response to light, compared to controls (cells treated with 
dsRNA against GFP). Double stranded RNA targeting tim reduced TIM 
abundance prior to and throughout light exposure, but did not deter CRY1′s rapid 
decrease following lights on. Collectively, the data show that CRY1 mediates the 
light-induced decrease in TIM in DpN1 cells, with or without inducing CRY1′s own 
degradation. 
 
152 
 
 
 
 
153 
 
 
Figure 4-S3. A blue-light photoreceptor entrains the adult eclosion clock 
and causes CRY1 and TIM degradation in DpN1 cells. 
(A) Experimental paradigm for adult eclosion studies. Top panel shows the 
wavelength and relative light intensities used. Lower panel depicts the timing of 
the three light pulses (white, blue, and orange) during the dark period prior to 
placement in constant darkness. Pupae were kept in 12-h-light: 12-h-dark (LD) 
conditions for 7 d at 21 °C in a Percival incubator. The incubator was then put 
into constant dark (DD). During first night of DD, a 1-h light pulse was given at ZT 
21 using a white light arc lamp (66901, Newport Oriel Instrument) with either an 
orange 540-nm long-wavelength pass filter (E540, Gentex) or a blue 450-nm 
broadband interference filter (57541, Newport Oriel Instrument). Light profiles 
were measured with a USB2000 spectrophotometer (Ocean Optics). Animal 
eclosion was monitored by standard video surveillance equipment. The number 
of animals eclosed per hour was recorded. 
(B) Eclosion profiles for all four groups (including “no-pulse” control) for each of 
the 3 d in constant darkness. 
(C) Data from all 3 d in DD for each group pooled relative to circadian time. 
(D) Light effects on CRY1 and TIM degradation in DpN1 cells. After 48 h of 
culture in DD, cells were either kept in the dark or exposed to white light, blue 
light, or orange light, using the light filters described above. Cell homogenates 
were analyzed by Western blot and probed for CRY1 (GP37) and TIM (GP47). 
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Figure 4-S4. Co-localization of CRY1 and TIM in the PL. 
Double-labeling immunofluorescence of CRY1 (using CRY1-GP37, left column) 
and TIM (using TIM-R38, right column) are shown for two different cells in the PL 
(upper and lower rows). Only two of the four TIM-positive cells in the PL co-
localized with CRY1, which was found in 6/6 brains examined. 
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Figure 4-S5. Distribution of TIM immunoreactivity in glomerular-like 
arborization and adjacent cells in the OL. 
(A) Schematic representation of a frontal section illustrating the topology of TIM-
immunoreactive cells using antibody TIM-R38. RE, retina; LA, lamina; ME, 
medulla; LO, lobula; PL, pars lateralis; PI pars intercerebralis. 
(B–D) Double-labeling of TIM (B) and CRY1 (C, using CRY1-GP37) staining in 
the glomerular-like arborization/cells in optic lobe (arrow). D is the merged image. 
 
156 
 
 
 
 
157 
 
 
Figure 4-S6. A light-induced decrease in CRY1 is not essential for a light-
induced decrease in TIM in either DpN1 cells or heads. 
This was shown in LD by giving a 1- hr light pulse from ZT 14–15 or from ZT 20–
21, monitoring clock protein levels at the end of each light pulse and 3 h later, 
and comparing the levels with cells and heads kept in darkness (Figure 4-2D); 
the formal properties of circadian clocks predict that light given early in the night 
(e.g., ZT 14–15) should delay the phase of the circadian clock oscillation, while 
light given late in the dark period (e.g., ZT 20–21) should advance the phase of 
the clock oscillation (Dunlap, 1999). 
(A) Paradigm for light pulse study. Arrows indicate collection times. 
(B and C) Effects of lights pulse on CRY1 (GP37) and TIM (GP47) levels in 
DpN1 cells (B) and heads (C). Protein levels were determined by Western blots. 
Band intensity was quantified by chemiluminescence, and the values were 
normalized against α-tubulin. For each timepoint, samples collected in the dark 
(gray bars) are plotted next to samples collected after a light pulse (red and blue 
bars). Each bar is the mean ± SEM of three experiments. 
Results: When a 1-h light pulse was given from ZT 14–15, TIM levels in both 
DpN1 cells and heads were significantly decreased, as expected, just after the 
light pulse (ZT 15), and the decrease was still present 3 hrs later (ZT 18) (B and 
C). However, there was no decrease in CRY1 abundance at either time point. 
Similar responses were seen in both DpN1 cells and heads when the light pulse 
was given from ZT 20–21 (B and C). In this instance, there was a small, but 
significant decrease in CRY1 3 h after lights off (ZT 0) in DpN1 cells (B). 
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Figure 4-S7. Monarch PER alone or in combination with submaximal 
inhibitory doses of CRY2 (A) or with TIM (B) does not repress 
dpCLK:dpCYC–mediated transcription using luciferase reporter gene 
assays. 
The monarch butterfly per E box enhancer luciferase reporter (dpPer4Ep-Luc; 50 
ng) was used in the presence (+) or absence (–) of monarch CLK/CYC 
expression plasmids (50 ng each). Monarch cry2 (5 and 15 ng), per (5, 15, and 
50 ng) or tim (5, 15, and 50 ng) was used. Luciferase activity relative to β-
galactosidase activity was computed. Each value is the mean ± SEM of three 
independent transfections. Western blot of FLAG-epitope-tagged protein 
expression levels for each concentration of each construct is depicted below the 
graph in (A). 
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Figure 4-S8. Effect of dsRNA against per on cry2 RNA levels. 
DpN1 cells were treated with either dsRNA against GFP (ds GFP) or dsRNA 
against per (ds per). PER and CRY2 levels were assessed by Western blot 
analysis, using PER-GP40 and CRY2-GP51 (upper panel). Blots were imaged by 
chemiluminescences, and band intensity was quantified. The results were 
normalized against α-tubulin. Corresponding RNA levels for cry2 were assessed 
by qPCR (lower panel). The cry2 RNA values are expressed relative to the value 
with ds GFP treatment (100%). Each value is the mean ± SEM of three 
experiments. 
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Figure 4-S9. CRY2 protein levels in DpN1 cells. 
(A) Verification of specific knockdown of CRY2 in Figure 4-5D by dsRNA against 
cry2 (lower blots) compared with CRY2 abundance when treated with dsRNA 
against GFP (upper blots) at two time points (ZT 4 and ZT 12) over the 24-h 
period of study. CRY2-GP51 was used. 
(B) Subcellular location of CRY2 in DpN1 cells. Photomicrographs depict CRY2 
in nucleus only (left column) and in both nucleus and cytoplasm (right column). 
Upper row, CRY2 staining (CRY2-GP51); middle row, nuclear staining with 
SYTOX Blue; lower row, merged images. 
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Figure 4-S10. CRY2 RNA distribution in monarch brain. 
(A) Schematic representation of a frontal section illustrating the topology of CRY2 
RNA expression. RE, retina; LA, lamina; ME, medulla; LO, lobula; PL, pars 
lateralis; PI pars intercerebralis, SOG, suboesophageal ganglion. 
(B) CRY2 RNA staining in a group of neurosecretory cells in pars intercerebralis 
(PI). 
(C) CRY2 RNA staining in cells in pars lateralis (PL). 
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Figure 4-S11. Co-localization of CRY2 and TIM in the PL. 
Double-labeling immunofluorescence of CRY2 (using CRY2-R42, left column) 
and TIM (using TIM-GP47, right column) are shown for a cell in the PL at ZT 18 
(upper), ZT 21 (middle), and ZT 0 (lower). All four CRY2-positive cells in the PL 
colocalized with TIM, which was found in 4/4 brains examined. 
 
164 
 
 
 
Figure 4-S12. The nuclei of PL cells and CRY2 staining. 
(A) Photomicrograph of a region near the PL stained with the nuclear stain 
propidium iodide. Arrows denote patchy nuclear staining in two CRY2-positive 
cells (two arrows for each cell), whereas arrowheads denote intense nuclear 
staining in surrounding cells. 
(B) Nuclear CRY2 is co-localized with chromatin in the PL. The section (5 μm) 
was taken from a brain collected at ZT4. The section was stained for CRY2 
(CRY2-R42; left) and counterstained with propidium iodide (middle); the staining 
in cytoplasm is due to overexposure to amplify the low intensity of nuclear 
staining. The merged image (right) shows co-localization (arrows) 
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Figure 4-S13. CRY2 staining in monarch brain using antibodies R42 and 
GP51. 
(A and B) Double-labeling immunofluorescence of CRY2 staining in three cells in 
the PL using R42 (A) and GP51 (B). The fourth cell was out of the plane of 
section. 
(C and D) Double-labeling immunofluorescence of CRY2 staining in a cell in the 
PI using R42 (C) and GP51 (D). All CRY2 positive cells in PI were co-localized 
with the two antibodies. 
(E and F) CRY2 fluorescence in lower division of the central body (CB) using 
either R42 (E) or GP51 (F). 
(G and H) CRY2 DAB staining in upper and lower subdivisions of the CB using 
either R42 (G) or GP51 (H). 
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Table 4-S1. Monarch clock genes expressed in DpN1 cell line. 
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Table 4-S2. Degenerate primer sequences. 
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CHAPTER V: FUNCTIONAL ANALYSIS OF INSECT CRY2: 
NUCLEAR ACCUMULATION AND TRANSCRIPTIONAL 
REPRESSION 
This chapter represents a manuscript which is still under preparation. I 
designed and generated all the constructs and performed the experiments. I also 
analyzed the data and wrote the manuscript. Patrick Emery provided critical 
feedback about the writing. Steven Reppert provided guidance of the 
experimental design and manuscript composition.   
A. Abstract 
Nuclear entry is critical for transcriptional repression. Although 
overexpressed monarch butterfly CRY2 (dpCRY2) alone was predominantly 
cytoplasmic in Drosophila Schneider 2 (S2) cells, both PER and CLK:CYC were 
able to promote the nuclear accumulation of dpCRY2. We obtained similar 
results in DpN1 cells with overexpressed dpCRY2. To understand how 
endogenous CRY2 localization was regulated under 12h:12h LD cycles, we used 
dsRNA to knockdown different clock genes in DpN1 cells and examined the 
subsequent dpCRY2 localization at ZT4 and ZT16 (ZT4, 4 hours after light-on; 
ZT16, 4 hours after light-off), the peak and trough of dpCRY2 nuclear localization, 
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respectively. We concluded that the nuclear accumulation of CRY2 at ZT4 
requires the presence of PER. We are also interested in how dpCRY2 inhibits 
dpCLK:dpCYC mediated transcription. We tested the transcriptional inhibitory 
activities of different insect CRY2 deletion constructs using luciferase reporter 
assay in S2 cells. We were able to map the transcriptional inhibitory activity of 
insect CRY2 onto the conserved photolyase-like domain of the protein. 
B. Introduction 
Circadian clock provides adaptive advantages to organisms ranging from 
prokaryote to human by synchronizing their daily and seasonal activities to 
environmental changes. Insect clocks regulate many important biological 
processes like egg hatching, adult eclosion, and time-compensated sun compass 
orientation (Saunders, 2002).  
At the molecular level, animal clocks are driven mainly by a negative 
transcriptional feedback loop (Stanewsky, 2003). In the Drosophila melanogaster 
central clock, a pair of transcriptional activators, CLOCK (CLK) and CYCLE 
(CYC), activate the expression of period (per) and timeless (tim) by binding to E-
box enhancer elements. The protein products of per and tim accumulate in the 
cytoplasm and then enter the nucleus to repress their own transcriptions by direct 
binding to CLK/CYC (Lee et al., 1998). The nuclear translocation of PER and TIM 
is necessary for the initiation of transcriptional repression (Chang and Reppert, 
2003; Nawathean and Rosbash, 2004; Saez and Young, 1996). The accurate 
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timing of this event is thought to be critical for maintaining a near 24-h period 
(Curtin et al., 1995). The mechanism of PER and TIM nuclear entry is not well 
understood. PER and TIM form heterodimers (Zeng et al., 1996) and enter the 
nucleus co-dependently (Hunter-Ensor et al., 1996; Myers et al., 1996; Saez and 
Young, 1996; Vosshall et al., 1994), but not necessarily together (Meyer et al., 
2006; Shafer et al., 2002). Protein kinases like DOUBLETIME (DBT) and 
CASEIN KINASE 2 (CK2) can delay PER and TIM nuclear accumulation 
indirectly by destabilizing both proteins (Akten et al., 2003; Lin et al., 2002; 
Meissner et al., 2008; Price et al., 1998; Smith et al., 2008; Suri et al., 2000). 
Recent studies also suggested that kinases like DBT and SHAGGY (SGG) may 
directly regulate PER/TIM nuclear entry (Cyran et al., 2005; Harms et al., 2004). 
Drosophila CRYPTOCHROME (CRY, type I CRY) functions as a blue light 
receptor for circadian light entrainment inside the clock neurons (Emery et al., 
1998; Stanewsky et al., 1998), by mediating the light-dependent TIM degradation 
(Lin et al., 2001).  
The mouse clock is based on a similarly organized negative transcriptional 
feedback loop, with mCRY1 and mCRY2 (both belong to type II CRY gene family) 
and mPER1-2 forming the negative limb of the feedback loop (Reppert and 
Weaver, 2002). mCRYs and mPERs also undergo rhythmic nuclear 
accumulation (Lee et al., 2001), the mechanism of which is even less studied 
than that of Drosophila. mCRYs and mPERs seem to enter the nucleus co-
dependently to initiate negative feedback with mPERs in rate limiting amounts in 
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vivo. Protein kinases, including CK1ε and δ, might be involved in nuclear 
translocation of mPERs and mCRY1 (Takano et al., 2004; Vielhaber et al., 2000). 
The monarch butterfly (Danaus plexippus) clock shows characteristics from 
both Drosophila and mouse clock, in which a Drosophila-like CRY1 (type I CRY) 
functions as a circadian photoreceptor, while a vertebrate-like CRY2 (type II CRY) 
functions as a major repressor of dpCLK:dpCYC-mediated transcription (Zhu et 
al., 2008). DpCRY2 undergoes rhythmic nuclear translocation in putative clock 
neurons, and the peak of its nuclear accumulation is well correlated with the 
maximal transcriptional repression. We recently characterized a monarch 
butterfly cell line called DpN1, which shows light-driven oscillations in both mRNA 
and protein levels of various clock genes (Zhu et al., 2008). Interestingly, 
DpCRY2 cellular localization also undergoes rhythmic changes under Light:Dark 
(LD) cycles in DpN1 cells. Importantly, the peak of nuclear accumulation of 
dpCRY2 in DpN1 cells is also well correlated with the maximal transcriptional 
repression of the per mRNA oscillation. Thus, DpN1 cell could potentially serve 
as a model to study nuclear translocation of type II CRY in a circadian-like 
context.  
Another model we use to study type II CRY function is S2 cells, a Drosophila 
cell line, which has been used extensively to study clock function. Many aspects 
of insect and mammalian circadian clocks have been reproduced in S2 cells, 
including Drosophila PER repressing dCLK:dpCYC-mediated transcription, 
silkmoth (Antheraea pernyi) PER repressing apCLK:apBMAL-mediated 
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transcription, and mouse CRY1-2 repressing mammalian CLK:BMAL1-mediated 
transcription (Chang et al., 2003; Chang and Reppert, 2003; Darlington et al., 
1998; Kume et al., 1999; Shearman et al., 2000b). S2 cells have also been used 
to study nuclear translocation of Drosophila PER and TIM (Meyer et al., 2006; 
Nawathean and Rosbash, 2004; Saez and Young, 1996). Importantly, Drosophila 
cyc is the only core clockwork gene endogenously expressed at functional level 
in S2 cells (Darlington et al., 1998). The lack of clock genes in S2 cells is an 
advantage for our study, because there should be minimal interactions between 
the transfected genes and the endogenously expressed ones. Furthermore, 
dCYC cannot activate transcription when paired with monarch CLK (data not 
shown). 
The first question we investigated is how dpCRY2 nuclear localization is 
regulated. We first examined dpCRY2 cellular localization in transiently 
transfected S2 cells and then in DpN1. To understand how endogenously 
expressed dpCRY2 localization was regulated, we used dsRNA to knockdown 
different clock genes in DpN1 cells and examined the subsequent dpCRY2 
localization. We are also interested in how dpCRY2 inhibits dpCLK:dpCYC-
mediated transcription after its nuclear entry. We went back to S2 cells for its 
“clean” clock background, and tested the transcription-inhibitory activities of 
different insect CRY2 deletion constructs using luciferase reporter assays.  
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C. Results 
1. Nuclear accumulation of dpCRY2 can be increased by co-expressing 
dpCLK:dpCYC or dpPER in S2 cells 
To understand the mechanism of nuclear entry of dpCRY2, we first looked at 
the cellular localization of V5 tagged dpCRY2 in S2 cells using 
immunocytochemistry (ICC). Each positively stained cell examined was 
categorized as one of the following staining patterns: nuclear (N), cytoplasmic (C), 
or both nuclear and cytoplasmic (B). The percentage of each staining was 
calculated by dividing the number of cells of each staining by the total cell 
number examined. 
 In S2 cells, dpCRY2 can inhibit dpCLK:CYC without dpPER (Yuan et al., 
2007), which suggested that dpCRY2 should be able to enter the nucleus by 
itself or in the presence of dpCLK:CYC. Since V5 tagged dpCRY2 is as effective 
as untagged dpCRY2 to repress transcription (data not shown), we used 
dpCRY2-V5 for the following study for the convenience of protein detection in 
both Western blot and immunocytochemistry (ICC) in S2 cells. Transiently 
expressed dpCRY2 was largely cytoplasmic (C-67%, B-33%; Table 5-1A). 
DpCLK and dpCYC, when expressed together, were both nuclear (data not 
shown). Co-expression of dpCLK:dpCYC with dpCRY2 resulted in a large shift of 
dpCRY2 from cytoplasm to nucleus (B-1%, N-99%; Table 5-1A).  
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DpPER and dpCRY2 strongly associate with each other in both cell culture 
and monarch brain, as shown by immunoprecipitation (Zhu et al., 2008). 
Moreover, mPERs are suggested to promote mCRYs nuclear entry in the mouse 
clockwork (Lee et al., 2001). DpPER is a nuclear protein in S2 cells (B-1%, N-
99%; Table 5-1A). We therefore tested whether dpPER can affect dpCRY2 
localization in S2 cellls. Co-expression of dpPER with dpCRY2 in S2 cells shifts 
dpCRY2 from cytoplasm(C-67%, B-33%; Table 5-1A) to nucleus (B-34%, N-66%; 
Table 5-1A), but to a lesser extent, compared to co-expression with dpCLK:CYC 
(B-1%, N-99%; Table 5-1A).  
The cytoplasmic accumulation of dpCRY2 transfected alone in S2 cells 
could indicate an inefficient nuclear entry or an imbalanced nuclear export and 
import (export>>import). For example, Drosophila TIM (dTIM) is a cytoplasmic 
protein in S2 cells due to active nuclear export, which can be inhibited by 
Leptomycin B (LMB, a potent nuclear export inhibitor). Thus, LMB treatment of 
TIM-transfected S2 cells leads to nuclear accumulation of TIM (Ashmore et al., 
2003). To test whether CRY2 nuclear accumulation can be increased by LMB, 
we treated S2 cells transfected with dpCRY2 or dTIM with LMB (10μM, 50nM 
final concentration) or DMSO (control). After LMB treatment, dTIM was almost 
completely shifted from cytoplasm (C-96%; DMSO treated) to nucleus (B-11%, 
N-89%; LMB treated) (Table 5-1B). In contrast, dpCRY2 cells only showed 
slightly increased nuclear accumulation of dpCRY2 (from C-65%, B-35% to C-
20%, B-80%, Table 5-1B). This result suggested that the nuclear entry of 
 
175 
 
dpCRY2 alone is indeed inefficient in S2 cells. Thus, the effects of dpPER and 
dpCLK:CYC on promoting dpCRY2 nuclear accumulation is likely mediated by 
increased efficiency of dpCRY2 nuclear entry.  
We then extended these findings to the more relevant cell culture system, 
the monarch DpN1 cells. When overexpressed alone, dpCRY2 was evenly 
distributed between cytoplasm and nucleus (B-100%; Table 5-1C). The higher 
nuclear presence of transiently expressed dpCRY2 in DpN1 cells, as compared 
to that in S2 cells, is probably due to endogenously expressed clock genes 
including clk, cyc, and per (Zhu et al., 2008). Co-expression of dpCLK:CYC or 
dpPER completely shifted cytoplasmic dpCRY2 into the nucleus (N-100%; Table 
5-1C). 
The data presented above suggest that nuclear entry of dpCRY2 is 
ineffective in both S2 cells and DpN1 cells, and co-expression of dpCLK:CYC or 
dpPER can both facilitate nuclear accumulation of dpCRY2. A functional nuclear 
localization sequence (NLS) was mapped in the C-terminal domain of mCRY1 
protein (Chaves et al., 2006). The C-terminal part of dpCRY2 is not conserved 
compared to mCRY1, which may explain the ineffective nuclear entry dpCRY2. 
The nuclear accumulation of dpCRY2 is likely mediated by the possible NLS of 
either PER or CLK:CYC complex. Indeed, in the mouse clock, efficient nuclear 
entry of mPER2-mCRY1 complex requires NLS of mPER2 (Chaves et al., 2006). 
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2. Rhythmic nuclear accumulation of dpCRY2 in DpN1 cells can be 
disrupted by dsRNA knockdown of dpPER or dpCLK:dpCYC  
We have previously shown that endogenously expressed dpCRY2 changes 
its cellular localization during the 12h:12h light:dark cycle in DpN1 cells (Zhu et 
al., 2008). Nuclear dpCRY2 peaks at ~ZT4 and is coincident with the maximum 
repression of dpCLK:CYC-dependent transcription, as indicated by the low levels 
of per mRNA. On the other hand, PER, CLK, and CYC are all nuclear proteins 
across the LD cycles in DpN1 cells (data not shown). As suggested by the results 
from transiently transfected S2 cells and DpN1 cells, both dpCLK:CYC and 
dpPER can contribute to the nuclear accumulation of dpCRY2. To test the 
possible roles of PER and CLK:CYC in the rhythmic nuclear accumulation of 
endogenously expressed dpCRY2, we used double-stranded RNAs (dsRNA) to 
knock down expression of per or clk/cyc and used ICC to examine the 
subsequent cellular localization of dpCRY2 at ZT4 and ZT16, corresponding to 
the anticipated peak and trough times of dpCRY2 nuclear accumulation, 
respectively.  
Because dsRNA against per can lead to significant reduction in both PER 
and CRY2 abundance (Zhu et al., 2008), we used submaximal amount of per 
dsRNA and were able to obtain efficient PER knock-down (~80% reduction, 
Figure 5-1A), and yet only partially reduce dpCRY2 level (~40% reduction, Figure 
5-1A). At ZT4, PER knockdown led to a substantial shift of dpCRY2 to the 
cytoplasm (Figure 5-1B) compared to the control GFP dsRNA treated cells 
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(Figure 5-1B). At ZT16, there was no significant difference in dpCYR2 
localization observed between per dsRNA treated cells and GFP dsRNA treated 
cells (Figure 5-1C). Western blots confirmed that dpCLK and dpCYC expression 
levels were not affected by per dsRNA (Figure 5-1A). To rule out the possibility 
that the change of dpCRY2 localization at ZT4 was a direct result of decreased 
dpCRY2 abundance, we used cry2 dsRNA to knockdown dpCRY2 level directly. 
dpCRY2 localization was only slightly shifted to the cytoplasm at ZT4 (Figure 5-
1B). Clk and cyc dsRNA not only caused significant reduction in CLK and CYC 
abundance, but also led to a substantial reduction in PER abundance (Figure 5-
1A), probably due to decreased per transcription. Although clk and cyc dsRNAs 
both resulted in an impaired nuclear localization of dpCRY2 at ZT4 (Figure 5-1B), 
these effects could be explained by the reduced PER abundance.  
The above evidence from endogenously expressed dpCRY2 in DpN1 cells is 
consistent with the role of PER promoting dpCRY2 nuclear accumulation, while 
the roles of CLK and CYC are less clear. 
3. The photolyase-like domain of dpCRY2 is sufficient to inhibit 
dpCLK:dpCYC dependent transcription in S2 cells 
In the mouse clock, mCRYs physically associate with mCLK:BMAL1 upon 
entering the nucleus to shut down transcription (Lee et al., 2001). To further 
understand how monarch CRY2 inhibits dpCLK:dpCYC dependent transcription, 
we tested dpCRY2 deletion mutants to identify the region responsible for 
inhibiting dpCLK:CYC dependent transcription in S2 cells.  
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Sequence alignment of selected vertebrate CRYs and insect type II CRYs 
revealed that they all possess a conserved photolyase-like core domain 
occupying ~500 aa (amino acid) of their N-terminus (Figure 5-2A). They also 
have a largely unconserved C-terminal extension, except for a short sequence 
called the coil-coil domain (CC domain, Figure 5-2A; see below) immediately 
after the photolyase-like domain, which is highly conserved across all species 
examined.  
In a recent study of mouse CRY, deletion of the mCRY1 C-terminal 
extension (Figure 5-2A) totally abolished its ability to repress mCLK:BMAL1 
dependent transcription in cultured mammalian cells (Chaves et al., 2006). 
Deletion of the CC domain significantly reduced the inhibitory activity of mCRY1, 
while deletion of the rest of the C-terminal extension (tail, the region 3’ to the CC 
domain, Figure 5-2A) had no effect on mCRY1 inhibitory activity. It was also 
shown that the CC domain is the binding site for the mPERs and mBMAL1. 
Since the CC domain is highly conserved between vertebrate CRY and 
insect type II CRYs (Figure 5-2A), we were interested to know whether the CC 
domain of insect type II CRYs also plays a critical role in transcriptional inhibition. 
We tested three insect CRY2 proteins whose tails (C-terminal extension after CC) 
vary in length (Figure 5-2A and B): monarch CRY2 (dpCRY2), Tribolium 
castaneum (the red flour beetle) CRY2 (tcCRY2), and Anopheles gambiae 
(mosquito) CRY2 (agCRY2). As expected, the highly variable tails from the three 
insect CRY2s were dispensable for transcriptional inhibition, as all three tail 
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deletions (dpCRY2ΔT, agCRY2ΔT, and tcRY2ΔT) were still capable of fully 
repressing dpCLK:CYC (Figure 5-2C). 
We further deleted the CC domain from the three CRY2s and constructed 
dpCRY2ΔTCC, tcCRY2ΔTCC and agCRY2ΔTCC (Figure 5-2B). We also made a 
CC only deletion of dpCRY2, called dpCRY2ΔCC (Figure 5-2B). dpCRY2ΔTCC 
and dpCRY2ΔCC are both unstable (Figure 5-2D), which make it difficult for 
further investigation. tcCRY2ΔTCC and agCRY2ΔTCC, on the other hand, were 
both expressed at normal levels (data not shown). Importantly, they were still 
able to effectively repress dpCLK:CYC dependent transcription (Figure 5-2E).  
The above evidence indicates that the photolyase-like core domain of insect 
type II CRYs is sufficient to repress dpCLK:CYC dependent transcription, while 
the conserved CC domain and the unconserved tail is dispensable for the 
inhibitory activity of insect CRY2s. This is in marked contrast to the finding with 
mCRY1 indicating that the CC domain is essential for its inhibitory function  
Another important function of mCRY1 CC domain is to bind mPER1-2 
(Chaves et al., 2006). We thus examined the interactions between different 
insect type II CRY deletions and dpPER by co-immunoprecipitation (co-IP). The 
low expression level of dpCRY2 CC deletions (dpCRY2ΔTCC and dpCRY2ΔCC) 
(Figure 5-2D) prevented us from assessing the possible dpPER binding functions 
of the CC domain in the monarch protein. We thus tested three tcCRY2 deletion 
constructs: tcCRY2, tcCRY2ΔT and tcCRY2ΔTCC for their ability to interact with 
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dpPER. One of the deletion construct, tcCRY2ΔTCC, failed to pull down dpPER, 
while full length tcCRY2 and tcCRY2dT both strongly bind to dpPER (Figure 5-3). 
Our data indicate that the photolyase-like domain of insect CRY2 is sufficient 
to inhibit dpCLK:dpCYC dependent transcription in S2 cells. Despite being highly 
conserved across insects and vertebrates, the CC domain of insect CRY2 seems 
not to be involved directly in transcriptional repression. The CC domain, however, 
does serve as a binding site necessary for interaction between tcCRY2 (possibly 
all insect CRY2s including dpCRY2) and dpPER. 
D. Discussion 
Nuclear entry of key repressor proteins within the circadian clock is tightly 
regulated to ensure accurate timing (Gallego and Virshup, 2007). In the mouse 
clock, mCRY1-2 are the major clock repressors and their nuclear entry is 
suggested to be regulated by interaction with PER1-2 (Lee et al., 2001; 
Shearman et al., 2000b). Here we show that over-expression of dpPER was 
capable of shifting cytoplasmic dpCRY2 to the nucleus in both S2 cells and DpN1 
cells (Table 5-1A and C). More importantly, dsRNA against per led to decreased 
dpCRY2 nuclear staining at ZT4 and subsequently disrupted the rhythmic 
dpCRY2 nuclear accumulation in DpN1 cells under LD cycles  (Figure 5-2B), 
consistent with the role of PER promoting nuclear accumulation of dpCRY2.  
The mechanism of how dpPER regulates dpCRY2 cellular localization 
seems to be complicated, because dpPER itself is always in the nucleus in our 
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ICC experiments (data not shown). dpPER undergoes temporal phosphorylation 
changes, with a notable increase in hyperphosphorylated form at ZT4 (Figure 5-
2A) (Zhu et al., 2008). Phosphorylation of dpPER could increase the binding 
affinity between dpPER and dpCRY2 and lead to dpCRY2 nuclear accumulation. 
This could be tested by co-immunopreciptation experiments to compare the 
binding affinity of PER and CRY2 between ZT4 and ZT16. The involvement of 
phosphorylation in dpCRY2 nuclear localization can also be tested by dsRNA 
knock-down of kinase(s). Initial candidates will be DOUBLETIME (DBT), since its 
Drosophila homologue is a major kinase responsible for dPER phosphorylation 
(Price et al., 1998) and regulates its protein abundance, as well as cellular 
localization (Bao et al., 2001; Cyran et al., 2005; Nawathean et al., 2007). 
Preliminary data showed that dbt dsRNA in DpN1 cells led to increased 
hypophosphorylated PER and increased overall PER abundance (data not 
shown). Interestingly, the rhythmic CRY2 nuclear accumulation was abolished 
with decreased nuclear accumulation at ZT4, similar to the result from the per 
dsRNA treated cells (data not shown).   
Nuclear localization sequence (NLS) mediates importin-α/β dependent 
protein nuclear translocation (Robbins et al., 1991). NLS have been identified in 
mPER1-2 and mCRY1-2 (Chaves et al., 2006; Hirayama et al., 2003; Sakakida 
et al., 2005). The NLS in the C-terminus (NLSc) of mCRY1 is important for its 
nuclear entry (Chaves et al., 2006). Cellular localization of mCRY1 with the 
mutated NLSc shows a significant shift from nucleus to the cytoplasm. The C-
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terminus of Insect CRY2 is highly variable in sequence, and does not contain a 
conserved NLS. The lack of NLSc could explain the cytoplasmic staining of 
dpCRY2 in S2 cells (Table 5-1A). The NLS in both mCRY1 and mPER2 are 
required for efficient nuclear accumulation of the mCRY1-mPER2 complex 
(Chaves et al., 2006). Since the NLSc is missing from dpCRY2, the possible NLS 
in dpPER might play a critical role in translocating dpPER-dpCRY2 complex into 
the nucleus. Candidate NLS of dpPER can be tentatively identified by sequence 
analysis, and then functionally mapped by testing cellular localization of different 
deletion or mutation constructs of dpPER in S2 cells. Then we would use NLS 
mutated dpPER to test its ability to move dpCRY2 into the nucleus in S2 cells.  
The direct assessment of the possible roles of CLK or CYC in dpCRY2 
nuclear accumulation was complicated by the fact that knock-down of either gene 
led to decreased PER abundance. One approach to overcome this problem 
would be expressing an epitope tagged per under a constant promoter and 
examine CRY2 localization in the cells staining positive for the tag. As described 
in the Result section and further discussed below, tcCRY2 CC/tail deletion 
(tcCRY2ΔTCC) was not able to bind PER in S2 cells (Figure 5-3). We could 
potentially transfect epitope tagged tcCRY2dTCC into DpN1 cells under the 
control of a constant promoter or an E-box promoter, and look at its localization 
at ZT4 and ZT16 by ICC. If this construct can be expressed at a reasonable level 
and it indeed does not interact with PER, it might be able to provide us direct 
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evidence for the roles of CLK and CYC in dpCRY2 localization without the 
involvement of PER. 
The CC domain of mCRY1 is not only necessary for mPER1-2 binding, it is 
also required for full repression of CLK:BMAL1 dependent transcription (Chaves 
et al., 2006). The CC domain of insect type II CRY is highly conserved with their 
vertebrate counterparts. Considering its highly conserved nature, it is not 
surprising that the CC domain is also functionally conserved as the primary 
binding site for PER. However, it was unexpected that the conserved CC domain 
of insect CRY2 is not required for transcriptional repression, as the photolyase-
like core domain of tcCRY2 and agCRY2 was fully capable of repressing 
CLK:CYC dependent transcription in S2 cells (Figure 5-2E). The sharp difference 
between insect CRY2 and mCRY1 could be due to the different cell lines used 
(S2 vs Cos7), and/or the different transcriptional activators involved (monarch 
CLK:CYC vs mouse CLK:BMAL1). In fact, mCRY1ΔTCC (photolyase-like domain 
only) can efficiently repress dpCLK:CYC dependent transcription in S2 cells (data 
not shown).   
The corresponding sequence to the CC domain of type II CRY, although not 
well conserved, also exists in Type I CRY and 6-4 photolyase, both of which 
(dpCRY1 and dp6-4 photolyase) are expressed in monarch butterflies. 
Substitution of dpCRY2 CC domain with the corresponding domain from dpCRY1 
or dp6-4 photolyase might create a stable protein and enable us to examine the 
function of dpCRY2 CC domain directly. Although we mapped insect CRY2 
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inhibitory function onto the photolyase-like core domain, it is a rather large region 
(~500 aa). Further substitutions of different regions of photolyase-like domain of 
dpCRY2 (or other insect CRY2s) with corresponding dpCRY1 or dp6-4 
photolyase sequences, both of which are inactive as transcriptional repressors, 
could help us narrow down the domain(s) important for transcriptional repression. 
Collectively, our data advanced our understanding of how type II CRY 
repress transcription. PER seems to be required for efficient CRY2 nuclear entry 
both in an overexpression system and more importantly in a clock-like context. 
Once entering the nucleus, dpCRY2 can execute its inhibitory function through its 
photolyase-like core domain. However, a lot more has to be done to delineate 
how PER regulates CRY2 nuclear entry in DpN1 cells and the possible roles of 
protein kinases and CLK:CYC in this process. We believe further experiments in 
S2 cells and DpN1 cells will help us understand more about animal clock 
mechanisms. 
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Table 5-1. Transiently expressed dpCRY2-V5 cellular localization.  
 
A  
Constructs Cell type C (% of total cells) B (% of total cells) N (% of total cells) 
dpCRY2-V5  S2 67.4±1.4 32.6±1.4 0 
dpCRY2-V5  + dpCLK:CYC S2 0 1.1±1.1 98.9±1.1 
dpCRY2-V5 +dpPER S2 0 34±1.4 66±1.4 
 
B 
Constructs Cell type C (% of total cells) B (% of total cells) N (% of total cells) 
dpCRY2-V5  S2 64.6±6.5 35.4±4.8 0 
dpCRY2-V5  + LMB S2 19.8±11.8 80.2±11 0 
dTIM-V5 S2 95.6±3.3 4.4±1.9 0 
dTIM-V5 + LMB S2 0 11.1±5.1 88.9±5.1 
 
C 
 
Constructs Cell type C (% of total cells) B (% of total cells) N (% of total cells) 
dpCRY2-V5  DpN1 0 100 0 
dpCRY2-V5+dpCLK:CYC DpN1 0 0 100 
dpCRY2-V5 +dpPER DpN1 0 0 100 
(A) dpCRY2-V5 localization in S2 cells. S2 cells were seeded on 22X22mm 
cover slip and transfected with dpCRY2-V5 (150ng) with or without dpCLK:CYC 
(200ng each) or dpPER (300ng). Cells were processed for immunocytochemistry 
48 hours after transfection using a V5 monoclonal antibody (Invitrogen) and a 
Alexa594 conjugated secondary antibody (Invitrogen). Cells were also stained 
with DAPI to visualize the nuclei. Slides were viewed under a fluorescence 
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microscope, and at least 30 positive stained cells were counted for each slide. 
Each positively stained cell examined was categorized as one of the following 
staining patterns: nuclear (N), cytoplasmic (C), or both nuclear and cytoplasmic 
(B). The percentage of each staining was calculated by dividing the number of 
cells of each staining by the total cell number. The mean ± SEM of three 
replicates are shown. (B) LMB slightly increases dpCRY2 nuclear localization in 
S2 cells. Cells were transfected with either dpCRY2-V5 (150ng) or dTIM-V5 
(200ng). 6 hours before harvest, DMSO (control) or leptomycin B (LMB, to a final 
concentration of 10nM) was added to the cells. Cells were then processed as 
described above. (C) dpCRY2-V5 localization in DpN1 cells. Cells were similarly 
transfected and processed as above, with 200ng of dpCRY2-V5, dpCLK, dpCYC 
and 300ng of dpPER used. 
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Figure 5-1. dsRNA knock-down of PER, CLK, and CYC led to impaired 
CRY2 nuclear entry.  
(A) Protein abundance of PER, CRY2, CLK and CYC in dsRNA treated DpN1 
cells at ZT4 and ZT16. Cells were cultured under 12h:12h light:dark cycles. Cells 
were transfected with dsRNA for 5-h in the light phase of the first LD cycle. 
dsRNA against per, cry2, clk, and cyc were used, as well as dsGFP (Gree 
Fluorescent Protein) as control. Cells were collected at designated time in the 
fourth day in LD and subjected to Western blots. Monarch specific antibodies 
against PER (GP40), CRY2 (GP51), CLK (GP67), and CYC (GP72) were used. 
(B) dpCRY2 localization in dsRNA treated DpN1 cells at ZT4. Cytoplasmic: green, 
Both cytoplasmic and nuclear: orange, Nuclear: blue. (C) dpCRY2 localization in 
dsRNA treated DpN1 cells at ZT16. Cytoplasmic: green, Both cytoplasmic and 
nuclear: orange, Nuclear: blue. 
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Figure 5-2.Photolyase-like domain of insect CRY2 is sufficient to repress 
dpCLK:dpCYC-mediated transcription in S2 cells.  
(A) Domain comparison of mouse CRY1 and three insect CRY2. Dp, Danaus 
plexippuse (monarch butterfly); ag, Anopheles gambiae (mosquito); tc, Tribolium 
castaneum (red flour beetle) (B) Schematic presentation of deletion constructs of 
insect CRY2. (C) Un-conserved tail is dispensable for transcriptional repression. 
The monarch butterfly per E box enhancer luciferase reporter (dpPer4Ep-Luc; 
10ng) was used in the presence (+) or absence (-) of monarch CLK/CYC 
expression plasmids (5ng each). N-terminal FLAG-tagged dpCRY2, and tail 
deleted dp-, ag-, and tcCRY2 (50ng each) was used. Luciferase activity relative 
to β-galactosidase activity was calculated. Each value is the mean ± SEM of 
three independent transfections. (D) CC deletion led to unstable dpCRY2 
proteins. N-terminal FLAG-tagged dpCRY2 deletion constructs (200ng each) 
were used. A monoclonal FLAG antibody was used for Western blot. (E) CC 
domains of agCRY2 and tcCRY2 are dispensable for transcriptional repression. 
Transcription-inhibitory activities of tail and tail/CC deletions of agCRY2 and 
tcCRY2 were tested by luciferase reporter assay as described above. Each value 
is the mean±SEM of three independent transfections. Western blot of N-terminal 
FLAG-tagged protein expression levels for each CRY2 construct is depicted 
below the graph. 
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Figure 5-3. CC domain of tcCRY2 is required for dpPER binding.  
S2 cells were transfected with dpPER-V5 and one of the following FLAG-tcCRY2 
constructs: FLAG-tcCRY2, FLAG-tcCRY2ΔT, FLAG-tcCRY2ΔTCC. Cell lysate 
was subjected to immunoprecipitation with a FLAG monoclonal antibody or 
mouse normal IgG (control), and subsequently analysed by Western blot using a 
V5 monoclonal antibody. 
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CHAPTER VI: SUMMARY 
The colorful monarch butterflies undergo an extraordinary long range 
migration every year (Brower, 1995). The circadian clock of the monarch butterfly, 
which underlies the time-compensated sun compass for its navigation (Froy et al., 
2003; Mouritsen and Frost, 2002; Perez et al., 1997), has also been nothing less 
than inspiring.  
Two CRYs play important yet distinct roles in the monarch circadian clock 
(Yuan et al., 2007; Zhu et al., 2005). Monarch CRY1, similar to Drosophila CRY, 
functions as a blue light photoreceptor for circadian entrainment (Zhu et al., 
2008). Monarch CRY2, like its mammalian homologs, functions as a major 
transcriptional repressor of the main feedback loop of the clock. Thus, the 
monarch butterfly circadian clock exemplifies an evolutionarily ancient clock, 
which shows characteristics of two evolutionarily distant clocks: the Drosophila 
clock and the mouse clock. The existence of both CRYs has also been found in 
other insects, including silkmoth (Antheraea pernyi) and mosquito (Anopheles 
gambiae). 
Drosophila, on the other hand, only has the photoreceptive type I CRY. The 
major repressor of Drosophila clock is PER. Interestingly, there is also a 
switchover of the transcriptional activator. In monarch butterfly, dpCLK:CYC 
activates transcription via a C-terminal transactivation domain of dpCYC 
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(unpublished data), which is consistent with the studies of A. pernyi (Chang et al., 
2003) and mouse (Kiyohara et al., 2006; Takahata et al., 2000). It is intriguing to 
propose that the loss of transcriptional repressive type II CRY in Drosophila is 
functionally associated with the loss of the transactivation domain of dCYC and 
the subsequent transfer of the role of the major circadian clock activator from 
CYC to CLK. 
In some other insects, including beetles (Tribolium castaneum) and 
honeybees (Apis mellifera), only the transcriptional repressive type II CRY2 
exists. Considering the dominant role of Drosophila CRY in the light entrainment 
of Drosophila clock (Emery et al., 1998; Emery et al., 2000b; Stanewsky et al., 
1998), it would be interesting to know how these insects entrain to light. Do they 
rely solely on the eyes, or is there a yet to be identified molecule which can 
function as a cell autonomous photoreceptor? It will be interesting to know 
whether the peripheral tissues of beetles or honeybees can be independently 
entrained to light. TIM is expressed in the beetle. Thus it is plausible that the light 
entrainment is still mediated by TIM degradation, probably through opsin-based 
retinal and extraretinal photoreceptors (Gilbert, 1994). The light entrainment 
mechanism in honeybee is even more intriguing since no TIM homolog has been 
found in its genome (Rubin et al., 2006). This suggests a totally different light 
input pathway, which may involve new photo-sensing structures (Spaethe and 
Briscoe, 2005) and an unknown molecular cascades leading to the resetting of 
the molecular oscillations. 
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DpN1 cells, a monarch butterfly cell line, contributed tremendously to our 
understanding of the monarch butterfly clock. In DpN1 cells, a CRY2-centric 
negative feedback loop and a CRY1-dependent light input pathway co-exist and 
give rise to a light-driven clock in these cells (Zhu et al., 2008). Genetic 
manipulations in DpN1 cells, especially double-stranded RNA approach, 
provided some of the strongest evidence so far supporting the photoreceptor role 
of dpCRY1 and transcriptional repressor role of dpCRY2.  DpN1 cells will 
continue to serve as an invaluable tool for insect circadian clock research. 
Immunocytochemistry using monarch specific antibodies against key clock 
protein like CRY1, TIM and CRY2, not only determined the putative clock 
neurons in the monarch brain, but also revealed possible CRY2-positive fiber 
pathways connecting the clock to the central body of the brain (Zhu et al., 2008), 
a likely location for the sun compass in insects (Heinze and Homberg, 2007). 
Further experiments combining electrophysiology and immunostaining should 
help us to link the circadian clock to the sun compass in monarch butterflies. 
Collectively, our work builds a solid foundation for future characterization of 
monarch circadian clock and navigation. One major aspect of future studies will 
be focused on DpN1 cells to elucidate both the CRY1-dependent light input 
pathway and the CRY2-centric transcriptional negative feedback loop. Using a 
high-throughput RNAi strategy, we may discover novel components of the CRY1-
dependent light input pathway in DpN1 cells. Further characterization of the 
candidate genes can be carried out in DpN1 cells and in Drosophila for possible 
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homologs. We will continue to delineate the mechanism of CRY2 nuclear 
translocation. Using co-immunoprecipitation and/or tandem affinity purification, 
we may identify novel components involved in the transcriptional negative 
feedback loop in DpN1 cells.
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